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minimum performance level in the severe erosion environment typical of con-
ditions at the exit from the engine particle separator.

Several alternative configurations were studied; two were selected for detailed
design and experimental evaluation.

The first approach, innovative in nature, was a "self -bypassing'" scavenge
blower which afforded protection to its critical rotating element by means of
its own inlet inertial separator. This blower was tested for an initial 50-hour
pericod at a sand ingestion rate of 400 gm/hr, using MIL-E-5007C type sand.
Test conditions directly simulated operation in conjunction with a 5.0-lb/sec
engine,whose integral separator was 95-percent efficient at 18-percent
scavenge rats, and whose inlet sand/air concentration was 1. 5 mg/ft 3 . At the
conclusion of the 50-hour test period, program objectives with respect to
durability had been clearly met, with no appreciable change in performance,
other than a modest improvement in airflow at design speed. Tho evaluation
program was then extended in order to ascertain the operational life of thb
blower. After 120 hours, a 4-1/2-percent net loss in airflow had resulted;
this was consistent with conventional practice for blower performance margin,
and the test was terminated at that point. Relative to the program goals, the
durability of the blower exceeded the requirements by 140 percent.

The second approach, also successful in terms of demonstrating a minimum
50-hour scavenge operational capability, was a multiple-tube ejector assembly.
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S. . . .M. .

The overall objective of this investigation was to evaluate an advanced
scavenging unit for an integral engine particle separator in accordance
with the following design criteria:

Engine Airflow 5 lb/sec
Scavenge Flow Rate 0.9 lb/sec
Inlet Pressure 20 in. H2 O 0Below Ambient

The overall program, subdivided according to tasks, is suinraarized
as follows:

1. In Task I, a feasibility study was conducted on several
systems including both dynamic and static designs. All
designs were competitively evaluated- and at the con-
clusion of the study, one dynamic design (a '•rirnary"
system) and one static design (an "alternate" system) were
selected for detailed design, procurement, and evaluation.

Z. Task II consisted of detailed aerodynamic and mechanical
design of both systems, including their respective test
rigs.

3. In Task III, all test item and test rig hardwarc ký'-ments
were procured.

4. Task IV, the final phase of the program included assembly,
installation, experimental evaluation and data analysis of
the primary and alternate systems.

INTRODUCTION

Particle separators currently in use on gas turbine engines typically
incorporate a bladed pump to scavenge the contaminant laden air from
the separator. This approach is disadvantageous in that the scavenge
pump blades are prone to erosion damage in the highly concentrated
saund and dust environment.

Consider an engine with 5 lb/sec airflow through the ccrnpressor,
and 18-percent (0. 9 lb/sec) scavenge flow provided by a conventional
blower. If the engine separator is assumed to have an 80-percent sand
separation efficiency, then the sand concentration (lb sandilb air) at the
scavenge blower will be ZZ times higher than the sand concentration
at the compressor inlet. With advances in separator technology,
the requirements imposed on the conventional blower becorre even
more extreme. At 90-percent engine separator efficiency, thLe,

12



sand-to-air concentration at the blower is 50 times higher than that
at the compressor, for the same engine and scavenge flow rates.

A typical conventional blower design is shown in Figure 1. The 90-degree
drive is shown in order to preserve commonality with the type of drive
arrangerrent used on the proposed pump designs described later in this
report. The weight of the pump is approximately 6. 5 pounds. Total
pressure ratio is 1.08, at a speed of 50,000 rpm. Power requirements
for the unit at 0. 9 lb/sec would be 5. 8 horsepower, at a stage adiabatic
efficiency of 0. 60. Experience with this type of blower design has shown
that, although power requirements are low, the unit fails to endure sand
ingestion tests using MJL-E-8593B sand, with a rate of performance
degradation that is within acceptable limits.

One possible solution to this problem is to provide a means of protecting
the bladed pmnp such that the rotating component is not subject to the
erosive environment. One way of accomplishing this is by designing
the scavenge unit to be a separator within itself. The degree of protection
afforded to the rotor will be a function of the separation efficiency of the
scavenge unit, and the quantity of air which bypasses the rotor.

This innovation in scavenge unit design results in an order of magnitude
improvement in rotor protection, as is shown by Figure 2. The upper-
nmost curve relates the sand-to-air concentration (C ) at the inlet of a
conventional blower to the sand-to-air concentrationZ(Cl) at the engine
compressor. The relative concentration (Cz/C1) as mentioned earlier
is seen to vary from 20 to 100, depending on the efficiency of the engine
separator.

If the design is now modified such that approximately 16 percent of the
total flow into the scavenge system is diverted past the rotor (i. e.,
02 = bypass ratio = 20%6) along with 90 percent of the sand (i. e., 112
blower inlet separation efficiency = . 90), then the relative concentration

C/C1 is reduced from 52:1 to 6.2:1 , assuming q = 90%

By further improving the design so as to obtain 99-percent blower inlet
separation efficiency at 100-percent bypass ratio, the concentration
factor approaches 1. 0, again assuming 711 = 90%7.

FHowever, in each of these two protected pump designs, many other con-
siderations are present, via trade-offs, and these are discussed later.

A second fundamental design approach is to eliminate the rotating pump
completely and utilize a static system to pump the required scavenge
flow, thus minimizing erosion.

13
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CONCEPT FEASIBILITY STUDIES (TASK 1)

GENERAL

The prime consideration throughout this program centered upon the
aspect of durability, however, nnt to the exclusion of power consumption
reliability, physical size, etc. This paraphrases the requirement that
the scavenge pump should be a practical device in terms of application to
an aircraft gas turbine. Overall practicality motivated the study of
various design approaches, with careful attention to the weighting of rel-
ative merits as well as disadvantages.

In Task I, feasibility studies were conducted on several innovative con-
cepts for engine particle separator scavenging systems. Based on
aerodynamic studies for each system, flow path definitions and assess-
ments of engine power penalties were evolved. Preliminary design. lay-
out drawings for each concept were prepared with sufficient detail to
permit a competitive evaluation. In certain cases, particle trajectory
analyses were used to provide an estimate of sand serparation efficiency.
The impact of engine/system integration was studied by using a typical
advanced technology gas turbine as a basis.

For purposes of subiequent reference, the proposed systems are desig-
nated by alphanumeric prefixes according to the following -lefinitiens:

DlA - Self-Bypassing System
(Mixed Flow Rotor)

DIB - Self-Bypassing System

(Axial Rotor)
Dynamic

D2 - Externally Bypassed System Systems (Primary)
(Protected Fan)

D3 - Vortex Tube Assembly

SIA - Single Tube Ejector

SlB - Multiple Tube Ejector Assembly Static
Systems (Alternate)

S2 - Engine Tailpipe Eductor J
The above systems are categorized into three groups fcr purposes of
subsequent comparative discussion:

1. Mechanically Driven (DIA & DIB)

- 2. Composits Mechanically Driven
and Engine Flow Powered (DZ & D3)

3. Engine Flow Powered (SI & $2) -A-o ~i6



SELF-BYPASSING DESIGN CONCEPT

A preliminary design for a "self-bypassing" type of separator scaveng-
ing unit is shown in Figure 3. The salient features in this type of dcsign
are the utilization of an inertial bypass inlet to afford erosion protection
to the rotor, and the use of an annular ejector (powered Ly the rotor exit
flow) to expel the contaminated bypass air through the system exhaust.
Prior to describing the specific details of two designs (DIA & DiB) that
incorporate this featu're, the concept wi3. be discussed on a more general
basis in terms of advantages or disadvantagi which result when key
system parameters are varied.

This type of system can bt designed for a wide range of bypass ratios,
that is, ratio of flow pumped by the ejector to that which is passed
through the rotor. As the bypass flow rate is incrased, the total vressure
supplied to the ejector primary nozzle, and the required rotor input
power, must also increase. The off-setting advantage, which results
from high bypass is that sand separation efficiency is improved, thus
favoring rotor durability. A trade-off results between power require-
ments and rotor durability, depending upon the bypass ratio selected for
the system.

Figure 4 shows this trade-off expressed in terms of bypass ratio specifically
for the two self-bypassing designs which were studied, namely Systems
DlA and DIB. The vertical asymptote represents the extreme case of
zero bypass ratio, and zero sand separation efficiency wherein all of the
scavenged airflow is passed through the rotor as in the case of most
scavenge blowers in use today. The only input power required is for
sufficient headrise to overccrne losses in exhausting the flow. For this
purpose, a rotor pressure ratio of 1. 08, at a rotor adiabatic efficiency of
0.70 was assumed. The low efficiency is consistent with a simple rotor
design having relatively few blades, thick cross sections, blunt leading
and trailing edges, and with castable tolerances.

As the bypass ratio is increased, progressively higher pressures are
required at the ejector primary nozzle, but with the inherent advantage
of continually improving the sand separation efficiency. At the labled
design points, the magnitude of pressure ratio required classifies the
type of rotor to be designed (based on 70-percent rotor adiabatic effici-
ency) as mixed flow for System DIA, and axial flow for System D1B. In
all instances the total inlet airflow to the system is 0.9 lb/sec.

SYSTEM DIA - SELF-BYPASSING SYSTEM (MIXED FLOW CENTRIFUGAL)

This design (Figure 3) uses an inertial bypass inlet with a 1:1 rate of
bypass flow, to afford substantial erosion protection to the mixed-flow I
cconpressor. An accelerating vane row downstream of the impeller
serves to turn the flow to the axial direction where it provides primary
air to the annular ejector.

17
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Analytical studies were made to determine the ejector performance as a
function of mixing tube and diffuser geometry. Initially, the ratio ofsecondary flow area to primary flow area was varied (2for fixed primary
airflow conditions) until a sufficiently high secondary flow velocity was
obtahed, thais, adequate margin from recirculati .f te secondary
flow in view of the high headrise requirements of the ejector. Next, the
length of the mixing tube was optimized for maximum secondary flow.
Numerically, this optimum condition was found to occur at a mixing
tube length which was approximately three times the tube hydraulic dia-
meter. L/DH1 values (length to hydraulic diameter) up to 5.0 were studied.
Final adjustments to the syrtem pumping capacity were made by varying
the L/f and the exit area of the diffuser. From these studies, the
followmnparameters were evolved:

Ejector Area Ratio - AS/, \p 3.5

Primary Nozzle Mach Number - Mp 0.78

Mixing Tube L/DH 3.0

Diffuser Area Ratio 3.8

Diffuser Recovery 0.78

The overall performance characteristics for this system are summarized
in Table 1,

Nominally, this syst.•m is designed for a 1:1 bypass ratio; since only 50
percent of the inlet airflow passes through the rotor, this feature will
favor high -an.id separation efficiency and durability, though at the
expe-nse of some increase in drive power as the ejector is now required
to pump more flow. (Refer also to Figure 4.)

In order to obtain an estimate of the sand separation efficiency of the
system inlet, a series of particle trajectories were computed, and the
results are shown in Figures 5 through 9. From this analysis, it appears
that particles which are above 15 p in size will maintain sufficient inertia
as to bypass the intake to the rotor. On that basis, the following cal-
culated sand and dust separating efficiencies result:

MIL-E-5007C AC COARSE AC FINE

(Mean Size = ZOO;) (Mean Size 2 5g) (Mean Size 7;1)

SEP SE ',SEP %

The above data is based on bypassing ai particles above 15;& in diameter
(from the trajectory analysis) and 50 percent of those particles under 1 51
(based on 1.0 blpast ratio). This type of analysis generally results in
..ptimnistic efficiency pta 'Jw-tion.
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TABLE 1. PERFORMANCE CHAR.ACTERISTICS -SYSTEM DiA

Total Inlet Flow 0. 9 lb/sec

Inle'., Total Pressure -20 inc. 1- 0

(13.98 psia)

Inlet Total Temperature 518, 70 R

Bypas s Flow 0. 45 lb/sec

Rotor Flow 0. 45 lb/sec

Bypass Ratio 1.0

Rotor Pressure Ratio 1. 59

Engine Power Loss 2.1%0

Rotor Speed- 50, 000 rpm

Ejector Primary Pressure 20. 75 psia
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A mechanical drive arrangement using bevel gears is shown in Figure 3.
As an alternative scheme, the feasibility of an axial flow air turbine
drive was considered. On the basis of a simplified matching study, it
was found that turbine blade heights became unreasonably small (under
0. 100 in.) for rates of engine bleed air on the order of 20/a (6.44% engine
power loss). Conversely, to achieve more realistic channel heights
(0. 200 in.) would require low, off-optimum blade speeds of approximately
400 fps with a bleed air supply of 3. 2% (10. 2% engine power loss). Each
of the preceding cases applies to a supersonic impulse turbine, restricted
to only 15-percent partial admission. From this study, consideration of
an air turbine drive appeared impractical.

The fundamental disadvantage to this design, relative to other concepts,
lies in technical risk. The self-bypassing feature inherently involves
interaction between the bypass airflow and the rotor airflow, with no
means available to independently vary these parameters. Thus, uprating
the system performance for development purposes requires major hard-
ware changes. By contrast, a system whose bypass flow is independently
controllable, might only require (as an example) an increase in bleed
airflow to effect the required performance change. Another aspect of
technical risk, particular only to the DlA design, is the small size of the
channel height at exit from the turning vanes (0. 075 in.). It was found
that the ejector performance is sensitive to changes in nozzle channel
height of approximately ±. 005 in., which is of the same order as the
manufactitring tolerances on each wall contour (± .002 in.).

In summary, a prime advantage in this design is rotor d-arability, owing
to high bypass ratio. Other significant advantages include relatively
low power requirement, and compactness of the design in terms of min-
imal impact upon the engine envelope.

SYSTEM DIB - SELF- BYPASSING SYSTEM (AXIAL ROTOR)

This configuration (Figure 10) is similar to System DIA, except that the
centrifugal stage is replaced with an axial rotor and stator assembly. By
reducing the quantity of bypass air to be pumped by the annular ejector,
this concept requires the least input power of all systems studied. Per-
formance characteristics for this system are listed in Table 2.

The objective in formulating this particular concept was to obtain the
required system pumping capacity of 0.9 Io/sec by utilizing the relatively
low pressure ratio available from a single-axial ,tage. This would then
require a high rate of mass flow through the ejector primary nozzle, but
at a much lower velocity relative to the DIA design.

In analyzing the ejector, it was determined that for a secondary-to-pri-
Srnry area ratio of 0.84, and at a primary airflow of 0.75 lb/sec, the
secondary airflow was 0.15 lb/sec, or Z0-tarcent bypass flow. The
total pressure required at the primary nozz3I would be 15.80 psia. for a
secondary supply pressure 20 in.H 2 0 below ambient (13. 98 psia).
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A general comparison of key rotor and ejector parameters for the DIA

and DIB self-bypassing designs is given below:

PROPERTY SYSTEM DIA SYSTEM DIB

Primary Airflow - lb/sec 0.45 0.75

Primary Total Pressure - psia 20.75 15.80

Primary Mach Number 0.78 0.44

Primary Velocity - fps 910 507

Secondary Airflow - lb/sec 0.45 0.15

Bypass Ratio 1.0 0.20

Area Ratio - As/Ap 3.5 0.84

Rotor Exit Pressure - psia 22.2,3 16.22

Rotor Inlet Pressure (Secondary

Supply Pressure) - psia 13.98 13.98

Rotor Pressure Ratio 1.59 1.16

For purposes of computing rotor power requirements (Tables 1 and 2), a
rotor adiabatic efficiency of 70 percent was assumed in both cases.

By effecting a trade-off in power input and bypass ratio, system DIB
would not exhibit the rotor durability characteristics of thts high-bypass
design of Sybtem DIA. However, in terms of cost, volume, and weight,
the DIB design is more favorable. In considering other comparative
criteria ouch as reliability, system failure impact, technical risk, main-
tainability, on/off and all-weather capabilities, and noise level, both
designs are very similar.

Additional comments pertinent to tLie comparison of the self-bypassing
designs to other concepts are given under "Rating Technique and Concept
Selection", later in this report.

N SYSTEM D2 - EXTERNALLY BYPASSED SYSTEM (PROTECTED FAN)
K .1

This design is the first of two concepts (D2 and D3) which require a corn-
bination of mechanical drive input and compressor discharge air. A

preliminary design is shown in Figure 11. The design is similar tosystems DlA and DIBs excel~t that the compressor discharge air is used

to power three ejectors, which motivato the bypaso air.

I! 7-



TABLE 2. PERFORMANCE CHARACTERISTICS - SYSTEM DIB

Total Inlet Flow C. 9 lb/eec

Inlet Total Pressure -20 in. H2 0

(13.98 psia)

Inlet Total Temperature 518. 70 R

Bypass Flow 0.15 lb/sec

Rotor Flow 0.75 lb/sec

Bypass Ratio 0.20

Rotor Pressure Ratio 1.16

Engine Power Lose 1. 10

Rotor Speed 50, 000 rpm

Ejector Primary Pressure 15.80 psia
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The system flow characteristics for this design are based upon existing
engine separator technology. Consequently, technical risk is low in
that components of known performance are used. On that 'asis, it has
been demonstrated that 90-percent sand separation efficiency can be
achieved in an inertial bypass separator using 15-percent of the total
flow as bypass air. Further, the inherent segregation of primary and
bypass air in this type of design provides a relatively clean air exhaust
which may be applied for various cooling purposes.

Power requirements for this type of system will be somewhat higher
than the "self-bypassing" designs since engine air bleed is utilized.
(Refer to Table.3 3)

Although a reasonably high sand separation efficiency is attainable,
durability would be compromised. If 90-percent efficiency is assumed
for both engine separator and scavenge system, then for a given quantity
of sand ingested by the engine, 10 percent will reach the compressor,
9 percent will pass through the scavenge rotor, and 81 percent will be
discharged through the ejectors. (Refer to Figure 2.) However, the con-
centration of sand to air is six times higher at the scavenge pump than
at the engine compressor for the specific airflows involved; in order
for the relative concentrations to be; equal, a 98-percent efficiency
would be required in the scavenge system. Higher separation efficiencies
could also be achieved in the "externally bypassed" system by increasing
the bypass ratio analogous to the DlB versus DIA "self-bypassing"
designs. Improvements in durability could be attained, but at substantial
engine power penalties since the bleed rate must be increased.

The ejectors which are used to pump the overboard bypass air are scaled
from the single-tube ejector design discussed subsequently under System
Si.

Principal advantages offered by this design approach are clean air ex-
haust availability, moderate power requirements for low rates of bypass,
and low technical risk. Durability, however, is compromised due to the
low bypass ratio. Since in effect, two independent subsystems are
present. reliability must be judged as low,-- than the self-bypassing
designs, and markedly lower than the simplistic designs which utilize
ejectors alone. (Refer also to "Rating Technique and Concept Selection". )

SYSTEM D3 - VORTEX-TUBE ASSEMBLY

This concept, shown in Figure 12, can be designed to mate directly to
any specified annular engine particle separator. An annular arrange-
ment of vortex tubes is used to separate out the contaminants ,which are
then collected and discharged by three ejectors, while the clean air is
exhausted by means of a conventional blower.
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TABLE 3. PERFORMANCE CHARACTERISTICS - SYSTEM DZ

Total Inlet Flow 0.9 lb/sec

Inlet Total Pressure -20 in. H.0

(13.98 psia)

Bypass Flow 0. 15 lb/sec

Rotor Flow 0.75 lb/sec

Bypass Ratio 0.20

Rotor Fressure Ratio 1. 10

Engine Power Loss 2,7%

Rotor Speed 50, or,) rpm

Bleed Rate 0.6%

Ejector Primary Pressure 184 psia

Ejector Primary Temperature 12 10OR
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The individual vortex tubes are 1-1/z inches in diameter by 4 inches in
length. At a total inflow of 0.9 lb/sec (760 cfrn at 13.98 psia), 26 tubes
are required, with a resulting pressure loss of 8 inches of water. Mini-
rnum requirements for the clean air scavenge blower would be 0. 8 Ib/sec
(675cfm) pumping capacity, at a headrise of Z8 in. H2 0.

System drive power requirements are comparable to Configuration DZ.
(Refer to Table 4. ý Ln relation to all other systems, engine power pen-
alty is intermediate. Since ali components in this system utilize exist-
ing technology, little techk-'-al risk is involved. As with System D2,
clean air exhaust is ali' ,ilable for cooling purposes.

One disadvantage to this system lies in all-weather operation. Materials
used in the fabrication of vortex tubes preclude the possibility of anti-
icing.

SYSTEMS SIA AND SlB - SINGLE.TUBE/MULTIPLE - TUBE EJECTOR
ASSEMBLY

This concept (the first oi two designs which are solely engine-flow
powered) utilizes a single-tube, supersonic ejector of high bypass ratio,
or an equivalent multiple-tube assembly, in order to provide the required
separator scavenge flow rate. Preiiminary mechanical designs for this
configuration are shown in Figure3 13 and 14, and the performance
characteristics appear .n Table 5.

Based on the fundamental simplicity of the ejector cancept, many advan-
tages are offered ,z mong which are low cost and wsight, high reliability
and durabilty, inherent on/off capability, and minimal noise addition
to the engine.

Its disadvaiztages stem from the relatively high rate of bleed required,
resulting in high power penalty and, in the evenr of failure, potentially
significant effect upon the compressor operating point. Maintainability
is considered to be low with respect to other systems, since (excepting
the primary nozzle) repairs will require virtual replacement of the entire
unit.

The aerodynamic studies of the ejector followed the same general
sequence as described earlier under the DlA and DIB designs. The
primary nozzle is axisynimetric and is designed for an exit Mach number
of 2.S3. Choice of Mach number was based upon achieving slightly under-
expanded conditions at the nozzle exit, that is, a slightly higher primary
nozzle static pressure relative to the pressure within the secondary
nozzle. Under these conditions, maximrum primary velocity is sustained.
SHigher Mach numbers, by comparison, could cause shock waves to be
present within tho system, resuiting in a reduced secondary flow.
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TABLE 4. PERFORMANCE CHARACTERISTICS - SYSTEM D3

Total Inlet Flow 0.9 lb/hec

Inlet Total Pressure -Z0 in. H2 0

(13.98 psia)

Vortex Tube Scaverge Flow ). 1 lb/sec

Rotor Flow 0. 8 lb/sec

Rotor Pressure Ra',io 1. 10 lb/sec

Engine Power Loss Z.4%

Rotor Speed 50, 000 rpm

Bleed Rate 0.5 %

Ejector Primary Pressure 184 psia

Ejector Primary Temperature 1Z10°R
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TABLE 5. PERFORMANCE CHARACTERISTICS - SYSTEM Si

Secondary Flow Rate 0. 9 lb/sec

Secondary Supply Pressure -20 in. H 0

(13.98 psii.t)

Primary Flow Rate 0. 1 lb/sec

Engine Power Loss 6.4 %

Bleed 2.0%

Primary Supply Pressure 184 psia

Primary Supply Temperature 1ZI0 0 R

39
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Analysis of the ejector indicated that for the available supply conditions,
the optimum mixing-tube length is approximately six times the hydrattlic
diameter. In summary, the following key parameters resulted from the
system study:

Primaiy Airflow - lb/sec 0. 1

Primary Total Pressure - psia (Given) 184

Primary Total Temperature - OR (Given) 1210.

Primary Nozzle Exit Mach Number 2. 33

Primary Nozzle Exit Velocity - fps 2775.

Secondary-to-Primary Air Ratio - As/Ap 100

Secondary Airflow - lb/sec 0.9

Entrainment Ratio 9.0:1

Mixing Tube L/DH 6.0

Diffuser Area Ratio 3.5

Diffuser Recovery - (One Splitter) 0.75

Diffuser Exit Velocity - fps 160.

In Figure 15, the secondary flow pumped by the ejector is shown as a
function of percentage of bleed. For a given percentage of bleed, an in-
fluence coefficient for determining engine power decrement is obtained
from the data given in Figure 16.

After the aerodynamiz design is established for the single-tube ejector,
an equivalen% multiple-tube design is obtained by directly scaling the
primary and secondary airflows, maintaining the same area ratios, and
the mixing tube length to the hydraulic diameter.

As the number of tubes is increased, the liniting criterion becomes the
throat diameter of the primary nozzle. If this minimum diameter is
set at 0.060 in., then 12 tubes would be the maximum. Figure 17 shows
a relationship between nozzle throat diameter and number of tabes, for =

fixed primary pressure .- A flow rate.

Relative to the single-tube unit, the multiple-tube assembly offere a
high degree of flexibility in that any number of compact packaging arra.o. -
ments are possible.
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SYSTEM SZ - ENGINE TAILPIPE EDUCTOR

Utilization of an engine exhaust driven ejector, as Lhown in Figure 18,
offers considerable advantages in terms of reliability, durability, low
technical risk, and noise level addition to the engine.

In g,'neral, this type of system is best applicable where headrise require-
ments are low. Since the scavenge unit under consideration must pump
against a minimum of Z0 in. HzO headrise, the required power turbine
exit pressure results in high power penalty to the engine. (Refer to
Table 6. )

The power loss In Table 6 is based upon the percentage difference between

power turbine exit total pressure, and the ambient air static pressure.

The net figure is more realistic in that it represents the additional loss
which the eductor would cause, over and above a "standard" en Ine
equipped with a diffuser having 3-percent (typically) total pressure lolls.

Summarizing the design point parameters for the eductor:

Primary Gas Flow Rate - lb/sec 5.06

Primary Total Pressure - psia 15.95

Primary Total Temperature - 0 R 1550.

Primary Mach Number 0.48

Primary Velocity - fps 904.

Secondary Airflow - lb/sec 0.9

Secondary-to-Primary Area Ratio - As/Ap 0.49

Mixing Tube L/DH 2.5

Diffuser Area Ratio 3.6

Diffuser Recovery 0.73

Although the overall length of the system was minimized by addition of
splitteri to the diffuser and by optimizing the mixing tube length, the
engine envelope is still increased on the order of 100 percent if the
eductor is treated as part of the engine, rather than a given installation.

Other significant disadvantages to this approach appear in cost (material
and fabrication), weight, and poor maintainability.
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TABLE 6. PERFORMANCE CHARACTERISTICS - SYSTEM SZ

Secondary Flow Rate 0.9 lb/sec

Secondary Supply Pressure -Z5 in. H 0

(13.80 psia)

Primary Flow Rate 5.06 lb/sec

Engine Power Loss 8. 21o (5.2%16 Net)

Primary Supply Pressure 15.95 psia

Primary Supply Temperature 15580 R

i
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MECHANICAL DESIGN - SYSTEMS iN GENERAL

The types of components common to all mechanically driven systems are
sununarized below, with ccnments as to materials, and proposed
methods of fabrication:

COMPONENT METHOD OF FABRICATION

1. Inlet Ducing Formed sheet metal; flow-
path defined by inner and
outer shrouds.

2. Rotor Investment casting

3. Support Housings Investment casting

4. Drive Elements Machined

5. Exhaust Diffusers Seamrrwelded tubing, brazed
support struts; splitters
treated with tungsten car-
bide wear coating.

For the static systems:

COMPONENT METHOD OF FABRICATION

1. Ejector Primary Nozzle EDM internal nozzle con-
tour; externally hard-coated.

Z. Ejector Secondary Nozzle Seam welded, formed sheet
metal tubing.

3. Mixing Tube Seam welded, formed sheet
metal tubing.

In general, consideration has been given, where possibleto the removal
of structural members from the flow path, or to structuring them such
that wear has little or no ill effect upon integrity or flow efficiency.

INTEGRATION/LNSTALLATION CONSIDERATIONS A

Figure 19 shows the approximate envelope requirements for the six
systems under investigation. All systems, except D3, which will mate
directly to an annular separator exhaust, require transition ducting from
the separator to the scavenge pump inlet.

For the concept study, mechanically driven systems or subsystems are
engine oil lubricated, bevel gear driven, and configured with an axial
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inlet and exhaust. At installation, each of these units is located approx-
imately at mid-engine, and is driven by t[-e gaa generator shaft through
an accessories gearbox. As an alternative, a geared mechanical drive
from th%ý engine output shaft is also possible.

On-off capability is inherent in the bleed-air powered designs, with the
addition of a valve "- the supply line. Decoupler or clutches for the
mechanically driven systems were nominally considered, but were
determined to be beyond the scope of the basic investigation.

System failure modes were examined for their potential effect upon
mission coznpletion. Generally, dynamic systems would be designed to
contain failures, and would employ a shear section in the input shaft
system. Bleed-powered systems autconatically becor-e inonerativi
when t Ae supply in interrupted. Conposite systems I *,I,,: 'rovide acine
eng - contaminant protection as long as the dynanz-'.,: - .=-onent remains
operative. Therefore, scavenge system failires a:. ,'ict anticipated to
affect mission completion, but would potentially ex, _e the engine to
high erosion.

Comparative data on volume and weight for all systems is given in
Figures 20 and 21, with specific numerical data given in Table 7.
Clearly, the tailpipe eductor (S2) incurs substantial penalties in these
two criteria, while most remaining systems ara generally comparable.

Engine power penalties are compared in Figure 22. As is indicated,
the engine-flow powered systems are highest in power requirements,
and the purely mechanically driven systems require the least.

Finally, the cost data (showr in Figure 23 and Table 8) were not based
on any rigorous analysis owing to the preliminary nature of the designs;
thus the data -resented are estimates only.
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TABLE 3. ESTIMATED COST DATA (1974 DOLLARS)

System Unit C~ost*

DIA $1060

DIB $ 945

DZ $1200

D3 $1220

SIA $ 290

SIB $ 680

S2 $1160

*Tooling Costs Prorated over 500 Units
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RAT!IG TECHNIQUE AND CONCEPT SELECTION

In Task I, aerodynamic and mechanical studies were conducted on six
scavenge systems concepts. Additionally, integration studies addressed
system weight, effect upon engine envelope, cost, weight, method of
power extraction, power required, effect of system failure on the engine,
and potential usage of the exhaust air. The data generated from these
studies was used tL furnish input for selection of two concepts, on the
basis of the following factors: .ngine power penalty, reliability, vol-
utme, durability, system failure impact, technical risk, maintainability,
weight, on/off capability, all-weather capa.bility, cost, noise level, and
surge impact.

Weighting factors for each of the preceding categories ware arrived at
by using a binary technique of forced decisions, which is described in
detail in Reference 1. According Co this method, each category is comn-
pared individually to all other categories, and is judged on the basis of
relative importance. For each positive decision that is made (e. g.,
cost versus weight, etc.), a one is asnigned. if a decision is negative
as to relative importance, then a zero is assigned. The weighting given
to each rating category is then the sum of the number of positive de-
cisions made. A summary of the resulting rating factor weight values
is listed in Table 9.

The individual concepts were then evaluated with respect to each other

in each of the above categories, using the same binarv method of
forced decision. The resulting concept evaluation rankings (numerically,
a digit from 0 to 6, with the six denoting highest, or most favorable
ranking within a category') were then multiplied by the weighting values to
obtain a mathematical ranking of the separatoik concepts. In any
instances where two (or more) designs are considered as ranking
equally hLi a given category, then ties are ?ermitted, and decimal values
result. For example, if two designs are ranked highest, but equal, in
a given category, then a value of 5. 5 is assigned to each, as opposed to
arbitrarily assigning "5" to one design, and "6" to the other. The
results of the rating system are sumnmarized in Table 10.

Prior to discussing these results, it should be emphasized that the
rating system used does not provide an indication of the relative degree
t'ý which one system is better, or worse than another. Thus, judgement

must be exercised in determining whether or not any overriding factors
are present which would alter the conclusions so indicated.

1. Fasal, J., FDRCED DECISIONS FOR VALUE, Product Engineering,
12 April 1965
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As an example, frcmn Table 10 the tailpipe eductor (System SZ) is
ranked last in point score under the "volume" (impact or engine envelope)
category. But regardless of the total point score achieved by i .Js de-
sign on the merits of other considerations, the concept could not be re-
conunended based singularly on the fact that the eductor v-rtually doubles
the length of the engine.

TABLE 9. RATING FACTOR WEIGHT VALUES

Number Factor Weight

I Engine Power Penalty 12

2 Reliability 11

3 Volume 10

4 Durability 9

5 System Failure Impact 8

6 Tecbnical Risk 7

7 Maintaitability 6

8 Weight 4

9 On/Off Capability 4

10 All-Weather Capability 3

11 Cost 2

12 Noise Level 2

13 Surge Impact 0

I57

S5I



OIWVNAa 311Y.LS

*LDVdW I 3OflS g * j

e-a13A31 3S!ON C1 mo V c 1
C-4I

C%j 1SOo tUo 00C- C:

Allll~dV3NVIMIIV -. .--4 -

LA LA L LA% LA

A1l1llffdV3 U0/INO 1. P-4 0N C

1H1M 00 t0 CD C
""4 C

LA A L L AP LALA

-4 r-I (N

00 13VdWI 3H~V W31SAS0 olcj j 0

A1luYil 0 LA LA 0n 0)I' LA

0~~ 0-: 01 04 0 =1

3N19N33 3wni0 00

C14 tD 0 %a L

U. V-4 U.. .4

- U- L&J Cl4

C/CL
-i a- L I.

W ~-J ~ ~J ~Li

00~ )< fa



Another drawback to the systemn lies in the fact that it is, at least to
some extent, dependent upon opinion. This is particularly true ".•
deciding the relative weights to be assigned to each rating factor.

Recognizing the preceding qualifiers, the rating system still establishes
certain well-defined boundaries in assessing the relative merits of all
systems concerned. A qualitative discussion of the results, by individual
category, is given below.

Engine Power Penalty - (Weighting Factor = 1Z)

The power requirements for each system are well-known, and thus the
ranking order is established. As indicated earlier in this report, the
self-bypassing dh'signs with only mechanical drive input require the
least power. At the other extreme are the engine flow-powered systems.
The composite designs receive intermediate scores.

P.eliaL -, -(Weighting Factor = 11)

Relative merit is judged on the basis of fundamental system simplicity,
or complexity and upon the number of "subsystems" present. The
engine-flow systems (Sl and SZ) are ranked highest, while the composite
designs would be considered least favorable, based upon the quantity of
independent components which comprise the system.

Volume - (Weighting Factor = 10)

Under this category, the general impact upon engine envelope is con-
Eidered. Specific data is available for each design (Table 7), and thus
a ranking order is established. The self-bypassing designs (DIA and
DlB) are the most compact and require the least modification to the
engine envelope. (Refer also to Installation Drawing, Figure 18.)

Durability - (Weighting Factor = 9)

Assessment of durability is made on a relative, rather than on an ab-
solute basis, 6ince the minimum design goal for all systems is to Gat-
isfy a 50-hour military sand ingestion test, with no more than a 10-

Vk percent degradation in flow.

On a relative basis, the general considerations from which rankings
were evolved are the degree of protaction afforded to the rotor as
determined by the bypass ratio, or the sand separation efficiency of
the unit. Th.,F onong the dynamic systems, DIA is ranked highest
(9SEP= 99+), ,ollowod by D3 (ISp= 0.93), DIB ( 7SEP-. 9 0 ), and
D- D2 (? . 90). Additional consicderations taken into account are
whether or not the system contains any other key wear points such as
diffuser splitters, or ejector secondary flow nozzles,

F
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System Failure Impact- (Weighting Factor = 8)

Other than the loss of all, or part of scavenging capability, the factors
which have been considered are debris scatter, iniluence upon the engine
operating point, and potential for backflow into the engine separator.
The last item is a problem common to all systems, and its solution
will be addressed in the detailed design phase to follow. On the question
of potential for debris scatter, it is assumed that all dynamic systems
will be designed so as to contain a rotor failure. Thus, the remaining
criterion becomes the extent to which the engine operating point is
shifted, as a result of scavenge p,.•mp failure. The sole exception to
this is the tailpipe eductor; it is ranked last because of its potential for
debris scatter in the event of failure, although that possibility is rather
remote. The remaining designs are then ranked according to the amount
of compressor bleed which is required; none for the self-bypassing
systems (ranked highest), intermediate for the composite designs, highest
bleed rate for the ejectors (ranked lowest).

Technical Risk - (Weighting Factor = 7,

Under this category, a particular design is rated according to the extent
that existing technology (or components of known performance) is
employed. The composite designs (DZ and D3) are either patterned after

existing engine separators ior utilize commercially available components
with well-defined performance characteristics. Hence, these designs
pose minimal technical risk. Likewise the eductor concept is widely
applied, although most effectively where secondary flow losses are low.
Clearly, the self-bypassing designs are the most innovative of all con-
cepts considered, and as such represent the highest risk. Specific
examples of risk elements were discussed under "Concept Feasibility
Studies". DIA and DIB designs.

Maintainability - (Weighting Factor = 6)

Maintainability is gag-!d in terms of relative ease, or difficulty incurred
in replacement of major systems components. Systems DlA and DlB
are designed for ready access to rotors in the event of required replace-
ment. At the other extrer- the ejector designs are essentially integral
units, and maintenance h..et-es replacement of the entire unit.

Weight - (Weighting Factor = 4)

Self explanatory - ranking is based upon data in Table 7.

On/Off Capability - (Weighting Factor = 4)

Relative merit is assigned on the basis of the degreo of difficulty in
providing this feature to each design. In descending order, the ejector
designs (SIA and SIB) require only a modulating valve. The self-bypass-
ing designs (DIA and DIB) require mechanical decoupling, whi the corn-
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posite designs require both of the preceding devices. Finally, the
tailpipe eductor (SZ) would require variable geometry in a high-tcwnper-
ature, erosive environment in order to be efficient in both modes of
operation.

All-Weather Capability - (Weighting Factor = 3)

Ejector designs are only subject to icing upstream of the secondary flow
nozzles. Self-bypassing designs are subject to inlet icing and potential
shedding, but the inertial bypass feature should afford adequate rotor
protection. Least desirable, from an icing viewpoint, is the vortex-
tube assembly (D3).

Cost - (Weighting Factor =2)

Self-explanatory - ranking is based upon data in Table 8 and Figure 23.

Noise Level - (Weighting Factor =2)

AU systems are designed for low discharge velocities, on the order of
150 fps, thereby eliminating jet noise as a factor. Minimum noise
addition would be expected in the eductor design; noise associated with
the supersonic jets present in several of the ejector designs tends to be
highly directional, and also considerably attenuated due to immersion in
a lower velocity surrounding fluid. In general, dynamic systems are
least favored in this category, depending upon blade passing frequencies
and rotor-to-stator axial clearances. Rotor designs would require a
minimum of 14 blades in order to produce passing frequencies in excess
of the audible range at 50, 000 rpm.

With reference again to Table 10, the self-bypassing designs (DIA and
DIB) are seen to be the best overall choice, based upon aU of the pre-
ceding criteria. Within this concept, the recognizable trade-offs in-
volve durability versus power, compactness and cost.

The second choice, resulting largely from inherent simplicity is the
ejector concept (Systems SIA and SIB). In considering these two
systems, the latter (multiple-tube assembly) affords a high degree of
Slexibility in terms of potential packaging arrangements, and is thus
recommended over the single-tube unit.

FEASIBILITY STUDY CONCLUSION

On the oasis of the Task I feasibility study, the "self-bypassing" con-
cept was selected as the primary scavenge system for subsequent detail
design, procurement, and evaluation, Optimization of this design, with
respect to type of rotor, pressure ratio, bypass ratio, separation
efficiency, power input, etc., was accomplished in the Task I1 phase of
the program.

fhe 4-ternate systeirn selected for critical component design antd evalu-
ation is the Multiple-Tube Ejector, System SIB.
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OPTIMIZATION OF THE BYPASSING DESIGN CONCEPT (TPASX Il)

GENERAL

At the conclusion of th' feasibility study, the bypassing blower vas
selected as the dynamic system approach to an advanced scavenging
means for a gas turbine engine intcegral particle separator. Since there
is considerable latitude of choice as to how this type of blower may be
configured for a given application, it is the purpose of this section to
consider those factors which influence design parameters and then to
select a configuration which is optimum for the given program goals.

Two variations of the bypassing design were presented earlier,
and these were designated as configurations DiA and DlB. These cases
may be considered as extremes since the first (DlA) uses a very high
rate of bypass (100%) in order to achieve rotor durability via high inlet
separation efficiency. Accordingly, input power required is also high.
In contrast, Configuration DIB uses much less bypass air, would
achieve more modest levels of rotor protection, but requires substanti-
ally less (approximately 50-percent) drive power.

The power versus durability aspects of these designs were weighed in
detail, including other relevant factors such as type of rotor, inlet
blade speed, choice of material, etc.

COMPARISON OF DlA. AND DIB IN TERMS OF EJECTOR
CHARA CTERIS TICS

Configurations DIA and DIB are compared on the basis of their com-
ponent performance in Figure 24. This figure illustrates a series of
operating lines for an ejector/diffuser combination, exhausting to
standard day ambient conditions. Each operating line pertains to a
specific geometry which relates the primary flow area of the ejector
to the mixing tube area. Parameters that have been held constant in
this computation (mixing tube nondimensional length, diffu.ser efficiency,
primary nozzle temperature, secondary supply pressure, and friction
factor) were assigned values as listed in Figure 24.

Superimposed on the ejector performance map are the two apecific
design points considered. The two desigas differ considerably in terms
of the requireu primary pressure (i, e., level of rotor output), the ilow
ratios delivered, and the relative sizing of the primary and secondary
flow areas. For an inlet pressure of 13.98 psia (-20 in. HP), the
required stage pressure ratios are: ADIA DIB

Stage Pressure Ratio oPRIM L.48 1.13 j
P o IN
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Deducting pre,;sure losses across turning vanes (Figures 3 and 10) con-
sistent with the respective flow Mach numbers:

Rotor Pressure Ratio = Pr ROT 1. 59 1. 16

For an assumed rotor polytropic efficiency of 0.70 in each case, and

with a total flow of 0.9 lb/sec, * the input power requirements are:

Rotor Power = HP ROT 16.1 HP 8.2 HP

Thus, the computed power requirements are different, in this instance,
by a factor of two. (Figure 4 also summarizes this conclusior..)

Since the drive powei i. a direct function of bypass ratio, once a total
airflow has been specified it becomes critical to choose a minimum
level of bypass that is consistent with a desired inlet separation
efficiency. In turn, the separation efficiency must afford the required
rotor durability.

CLASSIFICATION OF DIA AND D1B ACCORDING TO SP'iCIFT C SPEED

In determining a design point on Figure 24, it is necessary to consider
the general class of rotor which will be required to deliver specific con-
dition6 at the ejector primary nozzle. A prime factor in determining
the rate of wear of the rotor will be the inlet blade speed, which (from
an erosion viewpoint) should be kept as low as practical.

Given a total pressure ratio (isentropic headrise) and a flow rate to be
delivered (volumetric flow rate), then for a particular design rotational
speed, the specific speed Nsmay be used to classify the type of rotor
required:

(A h, ).75

*NOTE: WTOT = WROT(J P" Z) where P2 is found on Figure 4, and WROT
is the fraction of the total used to calculate power.

I -:
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Where N is the design rpm = 50, 000 rpm

Q is the volume flow rate ft 3/sec
I

Ah Iois the ideal head = C J T o  (Pr ROT286 1)

TIhe units for ideal head are ft lbf/lbr

In Figure Z5, the DIA an', DIB design points are superimposed on a plot
of specific speed versus volumetric flow rate. As iadicated, Configur-
ation DlA would be a centritugal design, while an axial rotor could be
used for Configuration DlB. Of the classes of rotors, an axial rotor
is least favorable from the viewpoint of required blade speed. Figure
Z6 shows the mean blade speeds for an axial design as a function of
total pressure ratio based upon an assumad efficiency of 0.70. (The
low efficiency level reflects an "aft:.r wear" state of the rotor.) Depend°
ing on the inlet meridional velocity, mean blade speeds of 600 to 800 fps
are required (Configuration - DIB) to achieve a 1. 16:1 total pressure
ratio. If a blade speed of 500 fps is taken as a preferred maximum,
then axial rotors could only be used in bypassing designs where the
total pressure ratio required is about 1.10; in terms Af bypass ratio,
this would result in P? a! 8%.

Further comnments on the effect of blade speed on eroaion appear later

in this section.

CRITERIA FOR INLET SEPARATION EFFICIENCY ('1')

Deternihiation of the bypass ratio necessitates an estimate of the blower
inlet requirements for separation efficiency. The basic criterion for
establishing an inlet separation efficiency was to fix the maximum
quantity of sand to be ingested by the rotor in a 50-hour operating period,
in conjunction with given airflow characteristics for an associated engine
and particle separator. That maximum quantity has been set at 5.0
pounds sand for 50 hours of operation with a 5.0-lb/sec engine whoso
particle separator requires 18 percent scavenge, at an efficiency of
0.95 for MIL-E-5007C sand Sand-to-air concentration at the engine
separacor inlet is 1. 5 mg/ft . In this instance, the choice of 5 pounds
as a limit is based upon previous experience with a scavenge blower of
"conventional" design where the effect upon performance of a given
quantity of sand ingestion was known. From the preceding data, the
required inlet separation efficiency is found to be 88.4 percent by
weight, for 50 hours of operation with "C" Spec sand, in order that the
rotor ingest no more than 5.0 pounds of sand.
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BLADE SPEED INFLUENCE ON INLET EFFICIENCY REQUIREMENTS

Suppoee that we next consider the extent to which the firbt estimate of
Rr is nnodified if %,e introduce another variable, namely blade speed.

do this, redefine the maximum qiuant".ty of sand to be ingested by the
r tor as beiLlg a function of the blade speed level, using 500 fps as a
reference datum. If X denotes the maximum quantity of sand to be
ingested by the rotor over a 50-hour period,

X = 5.0/F 1

Where F1 is a factor that describes the variation ý wear rate as a
function of blade speed. If F 1 = 1. 0 is taken at B datum of 500 ips,
then at 800 fps, Fi ! Z. 7 (Reference Z). This increase in wear rate is
quite siguif;cant in terms of effect upon blower inlet separation effici-
ency. From Figure 27, 7Z is increased to 0. 957 for 50 hours of oper-
ation, where t1he rotcr may now only ingest (5.0/FI) pounds of sand.

MATERIALS INFLUENCE ON INLET SEPARAITION EFFIC:(ENCY

A similar analysis may be made fox various materials as was done for
blade speed, by incorporating a second factor, F2 , which describes
wear rate relative to a selected datum material. The amount oý sznd
ingested by the rotor then becomes

X = 5.0

If F = 1.0 for AL 2OZ4, then typical values for other materials in-
clu=e 0, 70 for titanium and 0.42 for stainless steel. By analogy to
Figure 27, the use of both of these factors yields a range of inlet
separation efficiencies of 0.725 to 0. 957 for 50 hours of operation,
depending upon material and blade epeed.

2. MECHANISM OF SAND AND DUST EROSION IN GAS TURBINE
ENGINES, Solar Div,, hnternational Harvester Co., USAAVLABS
Technical Report 70-36, Eustis Directorate, U. S. Army Air
Mobility Research and Development Laboratorv, Fort Eustis,
Virginia, August 1970, AD 876584.
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500.0 Fl: RELATIVE WEAR
FACTOR FOR
BLADE SPEED

200.0 TIME REQUIRED TO INGEST
"A FIXED QUANTITY OF SAND
(X - 5.O/F1) AS A FUNCTION
OF INLET SEPARATION EFFICIENCY

100.01-

" I 50 HR DESIGN

50.0 -REQUIREMENT

SYMBOL VELOCITY F1

0 500 FPS 1.0
- 800 FPS 2.7

n2 0.957

_. __ ----------- __ I , ? I il
0 20 40 60 80 100

INLET SEPARATION EFFICIENCY - n2 -%

Figure 27. 5*paration Efficiency Versus Operating T*me
for 5. O/F Pounds Sand Ingested by the Rutor.
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In summary, an inlet separation efficiency of about 72 percent would
afford adequate protection to a stainless steel rotor, if the blade speed is
on the order of 500 fps. Frcn the assumed criteria, the equivalent
amount of sand ingested by the rotor over 50 hours would be:

X 5.0 = lI90 lb sand @ 720.72

The value of 0.72 for 77 should be readily attainable from the inlet
inertial separator, and requirements for bypass ratio are not excessively
high. The restriction on bL-de speed will necessitate a mixed flow design,

since an axial design limitad to U = 500 fps will produce insufficient
output for all but the lowest bypass ratios ( < 8 <8%).

DETERMINATION OF BYPASS RATIO

Based on previous in-house experience in the design of inertial particle
separators, the rninirnum inlet efficiency goal of 12 = 0.72 should be
attainable with a bypass rate of 10 percent ( P = 0. 10).* To fix a de-
"sign point on the ejector map (Figure 24), it i necessary to consider
performar.ce decay, as a result of erosion. Since a fraction of the
total flow extracted by the blower is due to bypass air which is in turn

pumped by the primary flow, some allowance must be made for de-

terioration in rotor airflow and headrise due to erosion damnage. The

10-percent bypass after 50 hours of operation was selected as the
obj ectivc.

If a 5-percent allowance (current practice is typically 8 to 10 percent) is
made for loss of rotor airflow, then

W 0.90 lb/sec (with no margin)
TOT

SW = = •818 lb/sec (with no margin)SROT 1 +0

(W.OT) 1.05 (WRoT) =0."860 lb/sec

In Figure 28, an ejector operating characteristic (extracted from
Figure 24) is shown for a value of a= 0. 6, where a= APRIM/A MIX
xpecifies the ejector geometry. If a 5-percent allowance is made for
decrease in primary pressure Jue to erosion, theui to arrive at a 10-
percent bypass after 50 hours, an initial value of = 25% is required. i

i UsIng MI.-L-5O07( sand, 200.zu mean particle diameter.
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Taking the flow and pressure margins together will determine what the
initial (or design) total airflow must be:

(WTOT) (WOT) x (I+ 'q S)
DES DES DES

Includes 576 IncluZes 5%o
margin for margin
flow in pressure

(W TO=S1.075 lb/secTOTDES.....

SO MMARY OF OVERALL DESIGN PARAMETERS

Based on the preceding analysis, the following is a summary of key
parame';ters that form the basis for detailed aerodynamic and mechanical
desig-- of the priz-rary system, designated as System Dl:

Total Airflow - WTOT = 1.075 lb/sec

Rotor Airflow - WROT .86 lb/sec

Bypass Ratie - W .25

Bypass Airflow - WByP .Z15 lb/sec

Inlet Total Pressure - Po IN 13.98 psia

Inlet Total Temperature - T 0 IN = 518.1 OR

Rotational Speed - N = 50, 000 rpm

Rotor Type - Mixed flow

Rotor Material - Stainless steel

Inlet Blade Speed - U mean = 500 fps

Miirnumn Inlet Separatoz Efficiency - 1z =0.72Z

Total Sand to Blower - 50 hours 43. 3 lb

jMaximum Sand Ingested by Rotor - X = 11.9 lb

After 50 hours of operation, minimum design goals are

Total Airflow - W = 0.90 lb/sec
TOT

Bypass Ratio " = 0. 10
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AERODYNAMIC DESIGN - SYSTEM DI

GENERAL

In this section, the details of the aerodynamic design of the bypassing
blower, designated as system Dl, are presented. The overall de-
sign was approached on a component basis, according to the following
sequence:

1. Detailed design of the annular ejector and diffuser, including
refinements for inlet total pressure loss, mixing tube length,
strut blockages, and ejertor splitter thickness.

The required pressure ratio to be delivered across the rotor/
vane stage evolves from this phase of the design.

2. One-dimensional analysis of the rotor/turning vanes inter-

facing with the ejector.

3. Potential flow analysis of the inlkt separator.

From items 1 through 3 above, with inlw-rvening iterations as required,
the aerodynamic flow path of the entire blower is evolved.

4. A detailed particle trajectory analysis of the inlet separator
to determine the separation efficiency in relation to the
previously established minimum efficiency goal.

5. Impeller internal flow analysis to abcertain acceptable
diffusion rates consistent with available separation criteria.

6. Turning vane aerodynamic design/cascade analysis.

7. Translation of r, 0, z impeller coordinates into blading
manufacturing cross sections.

EJECTOR/DIFFUSER THERMODYNAMIC DESIG4

The general method of approach which has been used in ejector design
is to specify a particular geometry and primary airflow, followed by
application of the conservation equations to determine the amount of
bypass (secondary) "low induced, and the required level of primary
pretsure. Examples of this computation, carried out for several
different geometries, were shown in Figure 24.

In Figure Z8, the required primary nozzle total pressure for a 25-per-
cent bypass ratio was shown; two parameters however, which are in-
dicated as fixed, namely mixing tube nondimensional length (LIDM •
3. 0) and secondary nozzle supply pressure (P 20 in. HZO),

20 inSEC'.warrant further consideration.
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The -20 in. H2 0 value has been fixed as the tutal pressure at the blower
inlet flange; pf-)or to this time, that pressure has been presumed con-
stant through the bypass channel up to the ejector secondary nozzle.
(Refer to Figure 3 for nomenclature.) For final design purposes, this
assumption is unrealistic, and some allowance for total pressure los;J
should be incorporated. To assign a more realistic secondary supply
pressure to the ejector, the assuned pressure loss was taken as
5in. HO i.e.,

(Po) SEC = -Z5 in. H 20, or 13.80 psia.

In general, the secondary flow induced by an ejector will be a function
of the available langth of mixing tube. An "optimum" length is attained
by allowing the static pressure to reach a maximum value, beyond
which frictional effects override and no further improvments result
from an increase i.i the mixing chamber length. However, this "optimum"
length, depending upon the flow rate and the area ratio of the ejector,
can be up to 6 to 8 times the hydraulic diameter of the mixing tube
(subsonic ejectors), thereby adding considerable length to the overall
unit.

Since the impracticality of fully optimizing the ejector length was re-
cognized, studies were made on the offe-c. oi various mixing tube lengths
that were progressively shorter, and the increase in primary pressure
associated with each was assessed. It was concluded that an (7L/DM)
value of 2. 0 represented a length consistent with objectives for a inaxi-
mum overall length of the blower, yet without the introduction of undue
power penalty. *

Combining the effects of using a mixing tube whose length is twice the
inlet hydraulic diameter, and a secondary suppli pressure of -25 in.
H 0, produced the increase in primary total pressure that Is shown in
Figure 29.

The point labled as "A" in Figure 29 represents the ejector design point
for a 25-percent bypass design, allowing a 5-in. H2 0 inlet loEs, and
using a ratio of primary-to-mixing tube area of 0. 6.

By r6fining the value of primary nozzle total tenperature and by ad-
justing the value of CL = ApRIM/A A to include a finite thickness
splitter separating the primary and secondary channels, the ejector/
diffuser design point parameters were generated (Table 11).

Values of particular importance in this table are the t-.ll pressure
headrise and the required input drive power.

* Preliminary Designs DlA and DlB used an (L/DM) = 3.0.
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TABLE 11. EJECTOR/DIFFUSER DESIGN POINT PARMA :ERSE

Area Ratio (Ap/AMCI .*5z

Flow Ratio .Z5
Momentum Correction Factor* 1.13
Mixing Tube Nondimensional Length* '. 00
D'Arcy Friction Factor* .012
Diffuser Area RAtio* 2. 50
Diffuser Efficiency* 0. 82
Diffuser Actual Recovery 0.69

Primary Flow Parameters
Flow Raie 0. 860 lb/sec
Mach Number .562
Total Pressure 16.332 psia
Static Pressure 13. 178 psia
Total Temperature 572 0 p
Effective Flow Area 2.93 in•

Secondary Flow Parameters
FlowRate 0. 214 lb/sec
Mach. Number .Z58
Total Pressure* 13.80 psia
Static Pressure 13. 178 psia
Total Temperature* 518.7 0 R
Ef•nctive Flow Area 1.95 in?

Mixing Tube Exit Parameters
Flow Rate 1. 074 lb/sec
Mach Numnber .351
Total Pressure 15. 070 psia
Static Pressure 13. 840 psia
Total Temperature 561. 4 0 R
Effective Flow Area 5. 63 in 3

Diffuser Exit Parameters
Total Pressure 14.884 psia
Ambient Preseure 14. 696 psa
Total Temperature 561. 10 R
Velocity He.d 5. 1 in. 420

Blower Headrise (Flange to Flange) 25. 1 in. H.0

Blower Horsepower 15.57

0 Input Parameters

I[
I
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EJECTOR/DIFFUSER FLOW-PATH SPECIFICATION

To generate a geometric flow path for the ejector/diffuser section of
the bypabsing blower, the assumption is made that the effective flow
areas (An, AS) that were determined by analyzing a "concentric"
ejector riay 5e transformed into equivalent annular areas, as is re-
quired by the basic design concept, once a reference inner wall radius
is specified.

In computing tne physical length of the mixing tube, the hydraujic
diamete;" term in (L/DM = 2. 0) is taken to be that of an annulus, i. e.,
four times the mixing tube channel height. In so doing, the "wetted
perimeter" of the annular ejector is equated to the concentric analytical
model, and frictional similaritr is maintained.

The geome'tric flow area at the primary nozzle is based upon allowing
15% aerodynamic blockage (Tp = .85) and area compensation for Z0
turning vanes of . 03Z inch tralhng-edge thickness. The thickness of
the splitter separating the primary and secondary channels was ret at
.060 inch.

Design of an ann,.lar diffuser to exhaust the flow from the blower is
based upon the empirical data for static pressure recovery (CPa) given
in Reference 3. For a given area ratio diffuser, a nondimensional
length (L /Ar) may be selected such that the static pressure rise
through tie diffuser is max-imized. By placing a conical flow splitter
at the entrance to the diffuser, the inlet channel height (Ar) is effectively
reduced, and for the same area ratio and recovery, the overalh length
is accordingly shortened.

Figure 30 ghows the resulting geometric flow path for the ejector and
diffuser sections of the blower. The foar support struts in the ejector
mixing tube are of double circular arc profile, with a 1/8-inch maxi-
mum thickness. Placement of the exhaust diffuser splitter has been
biased somewhat towards the inner flow channel in order to compensate
for change in recovery due to diffuser flow curvature. Empirical
data reiating meanline flow curvature to loss in recovery is given on
pages 590 to 59Z of Reference 4.

MEANLINE ANALYSIS OF THE ROTOR AND TURNING VANES

Thermodynamic conditions at the exit from the compressor stage have
been established through the ejector/diffuser design, in conjunction
with preceding considerations on rotor and bypass flow requirements.

3. Sovran, G., FLUID MECHANICS OF INTERNAL FLOW, 1967

pp. 270-319.

4. Schllcting, 14., BOUNDARY LAYER THEORY, 1968, pp. 590-592.
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Table )2 summarizes the stage performance requirements and the
physical characterisitcs thus far determined.

In addition to the performance requirements given in Table 12, the
following general considerations were applied to the rotor design:

TA3LE I1. ROTOR AND TURNING VANE DESICM REQUIREMENTS

Rotor Airflow, Actual - WROT Z 0.86 lb/sec

Blower Inlet Pressure - Po IN 13.98 psi&=Z0in.H H0

Blower Inlet Temperature - TO IN 518.7°0 R

Rotor Airflow, Referred - 94OTJtwN lb/sec

Rotor Inlet Pressure - P= 13.80 psia-=*2Sir. HZC'o IN =0
Inlet 1'rewhirl - at = 00

Design Rotational Speed - N/e/0-D Z 5C, 000 rpm

Maximum Inlet Blade Spted (Goal) - (UTIP, = fps

Rotor Type - Mied Flow = - -

Primary Nozzle Trotal Pressure - P = 16.33 psia

Primary Nozzle Mach Number - M P = 0.56

Primary Nozzle Effective Area - (Ap)EFF = Z/93 in 2

Primary Nozzle Geometric Area "(A)GEO = 3. 636 inZ

2rimary Nozzln Outer Wall Radis - (r) p = Z. 097 in

Primary Nozzle Inner Wall Radius - (rt)p 1. 800 in

Primary Nozzle Aerodynamic and
Vane Blockage =--- 20%

Stage Total Pressure Ratio (sG P pO 1.183

I Rotor Assumed Polytropic Efficiency- (1ply)ROT 0. 700

*Assumed inlit pressure di tp of 5 in. H 0 from the blower inlet
plane to the rotozr 1aAdin~dege plane. Z

M
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1. The rotor blading configuration should be as simple as
possible, with relatively few blades and radially exiting
rneaulines.

Z. Blunt. leading edges, with relatively thick blade profiles,
and only rnodest goals for efficiency and slip factor.

A meanline analysis, from which the meridional flow path is establish-
ed, was conducted by the use of a one-dimensional performance pro-
cedure for a stage consisting of a centrifugal rotor, a vaneless space,
and a diffusing vane row.

Basic one-dimensional compressible flow relations are used in com-
puting the velocity triangles and the thermodynamic performance; in-
let conditions are specified, along with the rotor and vane geometry,
and the resulting stage performance was calculated.

Conditions at the impeller outlet are calculated by iterating on the
exit meridional velocity, until continuity and w:;ork are satisfied, using
input values for rotor efficiency and slip factor. Internal calculations
of the slip factor, based upon the number of olades, and the trailing-
edg• metal angle are also provided for purposes of correlation against
the asourned value, which are used in calculating the exit 2locity
triangle.

Application of the compressor meanline design program was an iterative
procedure that interfaced with mechanical constraints, e. g., a specified
overall length for the rotor/vanes and a minimum permissible rotor
inlet hub radius consistent with bearing and shafting requirements.

The final velocity triangles and thermodynamic state parametters are
given in Figures 31 and 32 and Tables )' and 14. Based upon a 70-
percent rotor polytropic efficiency and a slip factor of 0. e, the total
pressure ratio across the rotor is 1.271, at a mean exit radius of
1.450 inches. With vaneless space and vane losses as stated in
Table 14, the overall total pressure ratio, for the stage is 1. 19C.

A layout of the rotor and %: -aing vane flow path is shown in Figure 33;
overall length from leading edge to the ejector interface plane is 3.00
inches.

INLET SEPARATOR POTENTIAL FLOW ANALYSIS

The specification of the inlet section to System Dl requires essentially
the design of an inertial pa. cicle separator. The following design
paramneters have thus far been established for the inlet separator:

1. The total flow 1 1.074 lb/sec, with .214 lb/sec bypassed
(Z5-percent bypass ratio).
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fli - r 1.180 IN.
. 41.50

\Vw =776.q FPS

Vlm

581.8 FPS

U m 514.9 FPS

MEAN4 - r - .906 IN.

S= 34.20

V, a 703.4 FPS

vo.
581.8 FPS

U -395.4 FPS

HUB - r - 0.500 IN.

Sw . 621.3 FPS

581.8 FPSI

U -" 21.).2 FPS

AlIFt.OW - WRO 0 860lb/sec

SPE-D ,- N R 0 0 0 0 b/c
'OT. PRESS - Po - 13.80 risia
TQT. TE:4P. To - 518.7 ;.sta
BLOCKAGE "ACTr.R - ¶ 0.95

Fgure 31. V,0ocity Trianglej at tle W-e11 ~r Inlet.
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Z. The minhnu::n separation efficiency for MUL-E-5007C
sand is 0.7?,.

3. The maximum total pressure loss from inlet plane to
secondary nozzle and from inlet plane to rotor leading
edge is 1. 3 percent or 5 in. H20.

In addition to the above, an axial length of 3 inches was imposed for
the inlet, which gives an overall unit length of 10 inches; this is con-
sistent with goals established during the earlier feasibility studies.

Of the two key design parameters (namely, separation efficiency and
pressure loss), the latter was considered to be the more stringent
requirement for the present application, because of the use of an
ejector downstream of the separator. For a fixed bypass ratio, the
power requirements to the blower will increase rapidly as a !unction
of losses in the primary and secondary channels.

Initially, a constant-diameter outer wall shape was considered,
possibly in conjunction with the use of swirl vanes, at the inlet.
However, in view of the rather modest efficiency goal (rZ = .72), the
use of swirl vanes was not warranted, considering the additional
pressure loss, cost, complexity, and potential for ercsion damage
that would be introduced.

A separator configuration with a constant OD, or a diverging outer
wall, rould favor high separation efficiencies due to the large capture
area, but at the expense of increased losses in both the scavenge and.
the core channels.

By an iterative application of rotential flow analysis, followed by
particle trajectory analysis, the bypass channel "catch area" was
gradually reduced until the flow path shown in Figure 34 was obtained.
The estimated bypass channel total pressure loss for this configuration
is 3 in. H?O, which is within design objectives. A discussion of
trajectory analysis results is given below.

The blunt centerbody shape (Figure 34) was introduced primarily as
a length consideration, accepting the small pressure loss penalty
associated with an abrupt inlet contraction, and same adverse impact
on local separation efficiency for those radii where the wail contour
is steep.

INLET PARTICLE TRAJECTORY ANALYSIS

The purpose of a particle trajectory analysis was to obtain an estimate
of separa.tion efficiency; in this particular instance, ZOO p mean particle
diameter MIL-E-5007C type. sand was used. The analysis required a
kmowledgei of the fluid properties (velocity and density) at all
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points in the flowfield, the configuration geometry, -nd the initial con-

ditions, of the sand particles (velocity and position%.

Throughout this analysis, the following assumptions were made:

1. The forces acting on the particles are due to drag and gravity.

Z. For purposes of calculating the drag coefficient, and the wall
rebound characteristics, the particles are assumed to be
spherical in shape.

3. Wall rebounds are treated as semi-elastic collisions with a
constant value of coefficient of restitution, e = 0. 5.

Particle diameters ranging from 1 p up to 10001i were introduced at
various inlet radii, from 0.6 inch tc '. 200 inches in each case at 50
fpe axial velocity, zero radial veloc: The initial position for the
particle trajectory analysis was taker Z = -2. O00inches relative to
the blower inlet flange.

Other fixed parameters included:

Sand Particle Density - P = 160 lbm/ft3

Air Absolute Viscosity - = 3. 5 x 10-7 lbfsec/ftz

-tal Airflow Rate - WTOT 1.074 lb/sec

A typical series of resulting trajectories is given in Figure 35. In
actuality, considerably more trajectories were run. The particle
position computation terminates at the splitter leading edge, and
particles are judged as bypassed or ingested on the basis of the last
position relative to the center of the splitter leading-edge radius.

If we -urmmarize the results of all trajectories, listing by radius, the
range. of particles ingested, versus the size range of partiles bypassed,
the results are as given in Table 15.

Through use of the percentages by weight of MIL-F-5007C which lie with-
in the ranges of particle diameters bypassed, the separation efficiuncy
by weight may be calculated at any specified radius.

Finally, by plotting this distribution of efficiencies versus radius (Figure
36), an integrated value may be found that represents the average
separation efficiency for "C-Spec" sand, for the assumptions made.
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The value thus obtained is as follows:

r= Weight of sand bypassed
Total weight of sand into blower

11 CALC 0.86

The actual level of separation efficiency achieved is fundamental to the
durability of the blower. Past experience in correlating the analytics
of efficiency prediction with test data has generally shown discrepancies
that can be up to 10 points in magnitude, with the pret.iction being
optimistic. The same problem is pointed out in Reference 5, page Z30,
with respect to trajectory analysis results in general.

In the analysis above, the two prime sources of error are considered
to be a failure to achieve the assumed initial conditions (i. e., a real
world set -, initial conditions that can be much more random in
initital v~iocity and direction than the assxxned-coistant values) and a
lack of adequate statistical treatment of the actual rebound character-
istics, considering the true polyhedral shape of the particles as
opposed to the assumed spherical shape.

Although we rec.ognize sone measure of optimism in the estimazed
efficiency, the stated design goal of '72 percent is still considered to
have sufficient margin to proceed with the inlet flow path as specified
at this point without modification for furt~her efficiency improvement.

OVERALL FLOW-PATH SPECIFICATION

The approach taken in the aerodynamic design of the scavenge blower
was to consider the major components separately, interfacing each in
sequence, with iterations as required, to obtain specified overall per-
formance goals. Summarizing these components:

Inlet separator section - 3 inches Lin length - inlet to

rotor leading
edge

5. Duffy, R. J., and Shattuck, B. F., INTEGRAL ENGINE INLET
PARTICLE SEPARATOR, Vol. II, DESIGN GUIDE, General
Electric Co., USAAMRDL TR-75-31B, Eustis Directorate,
U. S. Army Air Mobility Research and Development Laboratory,
Fort Eustis Virginia, August 197., AD A015064.
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Rotor and turning vanes - 3 inches in )length - rotc r leading
edg- to ejector
primary nozle
plane

Ejector/Diffuser section - 4 inches in length - no-,zle plane to
blower exit
plane.

Total length - 10.00 inches

The overall flow path definition appears in Figure 37, with the point-for-

point coordinate specification of channel boundaries given in Table 16.

TURNING VANE DESIGN

Design of the turning vane assembly in the .primary airflow channel was
based upon NACA -65 sezies airfoil strip stock, A=1 meanline shape,
with a maximum thickness of 10-percent chord.

Given the geometry for the -65 series airfoil, the cascade solidity, and
the required amount of turning (refer to the data below), then the
objective of this phase of the design is to generate a recarnbered air-
foil which provides the required turning at an acceptable level of de-
viacion angle.

Number of Vanes - 20

Airfoil Type - -65 Series, A=l Meanline

Tip Radius - 2. 097 in.

Hub Radius - 1. 800 in.

My'•. Radius - 1. 954 in.

Chord Length - 0. 694 in.

Solidity (Mean) - 1. 1Z4 in.

Inlet Angle - 32.3 deg

Tniet Mach Number - 0.57

Exit Air Angle - 0 deg

Using a vane cascade selection program, the camber was determ*.Aed
to be 39.9 degrees or 7.6 degrees past axial for 0 degrees incidence..
The resulting vane profile shape is sho,:-,- in Figure 38.
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IMPELLER FLOW ANALYSIS

The first phase of the impeller design (meanline analysis) established
the meridional flow path and the vector triangle-_,: iatisfying the requir-
ed flow and work based on assumed efficiency and slip factor.

The remaining elements to complete the rotor aerodynamic design are
as follows:

1. Determine the flow field within the cconpressor once a
blading geometry has been specified.

2. Iterate the blade shape, if required, until acceptable surface
velocity distributions are achieved and the previously
determined vector triangles are satisfied.

3. Translate the blading coordinates into manufacturing cross
sections.

The latter step and the parallel stress analysis are discussed in sub-
sequent sections.

For the internal flow analysis of the impeller, a centrifugal compressor
design program was employed which required spenification of a dis-
tribution of blade angles (mean camnberline tangent angles) as a function
of axial" distance along the rotor. In addition to the blade angle, a thick-
ness distribution normal to the meanline was necessary to comnp 1ete the
blade definition.

At the rotor design speed -nd flow rate, the mass-weighted average
total pressure ratio was coalculated to be 1. 274, which is in close
agreement with the value of 1. 271 previously determined fromn meanline
analysis at an exit radius of 1. 450.

Relative velocities along the surfaces of the blades were examined with
re.)pect to the following:

t[ i. a-ximum v•-Ines along the suction surface (local supersonic
f1 oows).

I
2. Average velo- ity ratio across the blade row (flow separation)

* .• Average channel Mach number (proxlznity to choking).

I

I
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The surface and the average velocities at the hub, mean, and tip stream-
lines were computed; and for the blading configuration that was
analyzed, these results were considered to be wdthin accept-
able limits with respect to the criteria above. (See Figure 39.)

IMPELLER BLADE MANUFACTURING SECTIONS

In the preceding design analysis of the impeller, all blading definition
was along strearntubes and was expresse geherafly in terms of radius,
axial distance, normal thickness, and meanline angle.

The meanline coordinate may also be expressed in terms of the cylindri-
cal coordinate, e, which is the angle measured with respect to a
vertical radial line. The parameter e is available from the design pro-
gram output, for each meridional calculation plane and streamtube center.
Ten-times ,Aze master airfoil charts to be used in manufacturing and
inspecting the impeller were prepared from the r, 0, Z, t blading def-
initions by means of a conversion program that provides horizontal
sections (cylinder tangents) calculated from the input cylindricaL
cordinates.

A composite overlay of the final blade design is shown in Figure 40.
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MECH{AMCA L DESIGN - SYSTEM DI

GENERAL

Fiite detaiI~d iaThic dsign of the blower is based uipon the aero-
dynamnic (low pw~h, as shown in rigure 37. In addition, the following
considerations apniefl:

1. Usc a sinipktp,nodular design that permits access at all
ma jor comnponents,, facilitating development changes if required.

2. Physical simnilarity to engine-level hardware would apply only
insofar as meeting power, durability, ana aerodynamic per-
formance requirements.

3. Critical clenients,where erosion damnage is of potential
I~nfluence upon pierfo.rmancec or mnedianrica I integrity, must be
representative of cngine-level hardware. The assumecd
critical elenvi-nt in the present design is the rol or.

4. Methods of fabrication for units produced in quantity have beeii
addressed --ii the~ -arlier feasibility studies; for pre sent
purposes# zmajor components are fully machined where
possible, Castings,, spinnings, or l'ydroformed sheet metal
co,.nponents and generally those techniques applicable to
quantity production, were not used.

The basic -nechaniinai arrangement which was employed is an overhung
integral rotor/shaft,, supported by twuo oil-mist-4ubricated 20mm bearings.

A "m'odular"l design approach resulted in a breakdown of components as
follows:

I.Inlet housing- This, housing contains the separator centerbody,
suv ote y our struts,

2. Air splitter assembly - The inside d'.ameter of the splitter
forms the rotor shroud flo path. Founr bypass channel struts
connect the splitter to the bmloer uuter casing.

3. Turning vane assembly- Twenty NACA Series 65 airfoils are
U-sea To remove, gwirl- {rcl the rot~or -dischar ge. The
exit plane of the vane assembly forms the ejector primary
nazzle, No sp~ecific provisions have' been incorporated into
this assembly for erosion pro~tection, -

10- PIo5A



4. Bearing housing/mixing tube asserobly - This assembly is

the basic structural elemient of the blower, and transmits
rotor/bearing loads through four struts to an external mount-
ing flange. Secondary flow is induced at the inlet plane of

the housing flow path.

5. Exhlm•t diffuser - The exhaust diffuser discharges the mixed
flow MoaMient, using an efficient, compact arrangement
that incorporates a flow aplitter. Four struts provide support
for the conical splitter.

A detailed layout of 'the integrated mechanical design for the blov~r is

shown in Figure 41.

DYNAMICS OF THE ROTOR/SHAFT S"YSTEM

The design objective was to pla-:e the fundamenta- rotor resonant
I reqi•ency safely above the 50, 000 rpm operatir.g speed. A mininum
t ac-ulated first critical speed of (60, 000 rpii was considered to be
satisfactory.

Tlhe impeller overhung mass and the positioning of its center of gravity
relative to the centerline of the No, 1 bearing is found to be very influ-
ential upon the fundamental resonant frequency . (See Figure 4Z.)

Spring rates are ba ed upon a radial load of 78 bf9, resulting from 0, 5
gin-in, of unbalance at the impeller center of grzvity.

The final design weight for tile impeller is 1. 0 lb. with an overhung
center of gravity of 1. 10 inches (Figure 42, Dimension A).

For this configuration, the fundamental resonant frequency is an accep-
table 62,000 cpnz.

STRESS ANALYSES OF THE ROTOR

I Stress analyses were performed on the scavenge blower rotor to assure
I that low operating stress levels would be maintained. In summary, the
- m'iaximit-n operating disk etzetss was kept to 25 ksi, while keeping that
I of the blade to a.maximum of 16 ksi. The maximum calculated -adinl
I displacement was under 0. 001 inch at design speed.

A two-dimensional finite element analysis was performed to aveess both
the disk and the blade 1,ehavior. The impelle2- finite-ele-Inent -model
consisted of 276 nodes and 243 elements (Figure 43). A portion of the
shaft, which it an integral rart of the impeller, was included in the
analysis to impose the effects of the ahaftts shell behavior .,%n the disk.

"- The axial deflection at tie end of the shaft was set to zero, Room tem-
perature properties for 17-4 PH stee. wi-re used. and.4he 100-percent
speed loading of 50, 000 rprm was applied.

166-
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The resulting deformation and stresses were shown in Figures 43 and
44, Maximum d.*sk stress is 25 ksi, and is located in the bore; the
maximum blade stress (assuming a radial blade) is 16 ksi, loc.ated at the
blade/disk juncture approximately two-thirds up from the leading edge.
The negligible slope at the shaft end (Figure 43) confirms that a eufficient
portion of the shaft was included in the model to accurately assess the
shaft/disk interaction. Aside from blade erosion effects, a disk service
life well in excess of 100,000 cycles will result from the above stress
levels.

In the analysis of bending streeses at the blade ittlet, support given by
the more radial sections just downstream of the inlet was neglected. In
addition, the direction of centrifugal force loading was fixed along the
span to give conservative value for the bending moment. The analysio
gave a maximum bending stress estimate of 10. 6 ksi at the iWlet hub.
This bending, when imposed on the nominal inlet blade stress of 5 ksi,
as given by the finite element analysis, results in a maximtum inlet
blade stress of 16 ksi, which provides an adequate, margin for blade
resonance.

FINAL DESGN CONFIGURATION

An assembly drawing of the final design configuration for the bypassing
blower (System Dl) is shown in Figure 45. The physical characteristics
and the method of manufacture for key components are summarized
below:

INLET HOUSING ASSEMBLY

Material: A-286 stainless steel (AMS 5525B)
W -t of Fabrication: Fully machined centerbody and outer casing.
Four strut (. 093 nch constant thickless. were silver- soldered to
form the assembly.

AIR SPLITTER ASSEMBLY

Material- 321 stainless steel (AMS 5645; AhS 5510)
Me Itho3 O Fabrication: Fully machined spliUtter, struts, and outer
ca*sig. Four byvsib channel atruts (.125 inch thickness) were
welded in position, final contour machining on thf elitter ID,
following welding operation.

TiURNWAG VANE ASSE34DIY

Mateial. , 3X- saines teel (AlAS .5645)
Meta d _at "Vanes were coined to final shape from airfoil
strip stock (-65,zseries# Al meanline, I0" maximum thlclkess) and
in-race brazeU to contour-machined inner and outer shrouds.
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ROTOR

Material: 17-4PH stainless steel (AMS 56433), solution treated at
19MY, aged in air at II00lF, for RC 33-34.
Surface Rougless: 64 microinchest RMS .•ax.)
1ý4ethod of Fabrication- Fully machined integral rotor/shaft; profile-
milled rotor blades (Figure 46). 4

BEAR ING HOUSING

Material: 321 stainless steel (AMS 5645)
Method of Fabrication: Fully machined; four struts of double
circular arc profile (. 150 inch maximum thickness) welded to the
ID and OD flow path elanents

EXHAUST DIFFUSER

Ma•gaIL! 321 stainless steel (AMS 5645)
Method of Fabrication: Machined inner and outer shrouds; 0. 060
inch thick struts and splitter; furnace-brazed assembly.

From the stress analysis of the rotor blades and disk, the calculated
centrifugal growth (radial) was seen to be less than 0. 001 inch. No
provisions are made for rotor blade tip protection. in the event of a rub,
since any of the typically employed rub materials would be quickly lost
from erosion.

Conservatively# the cold static tip clearance (radial) was set at 0. 005 to
0. 007 inchganticipatlng no more than 0. 001 inch radial growth under
maximum operating conditions.
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TEST RIG AND INSTRUMENTATION

The test rig shown in Figure 47 was designed to support the separator
scavenge blower at the bearing housing mounting flange, and to provide
for the aerodynamic and mechanical evaluation of the unit over its full
range of possible operating conditions.

Airflow is ducted to the blower from cell ambient, and subsequently
collected in an exhaust plenum which contains the pressure and tempera-
ture probes for performance measurerrznts. A throttle valve located
downstream of the exhaust collector was used to vary the loading on the
blower, thus permitting the full stable region of operation ,o be deter-
mined.

Aerodynamic instrumentation was kept at a minimum and designed to
provide measurements of total airflow, total pressure, headrise, and
rotor horsepower. Inlet conditions were taken as cell ambient, since
pressure losses up to the blower inlet flange are negligible.

Total and static pressure measurements in the bypass channel provided
--,n independent measure of bypass channel airflow.

The instrumentation, used for performance measurements. and the

test rig location for each type were as follows:

Parameter Symbol Quantity Location

Inlet pressure P 0 Cell Ambient°IN

Inlet temperature T I Cell Ambient.0 IN

Exit total pressure P 6 Exhaust Collector
0EX

Exit to•l •e1pe•.ature TOx 6 Exit Collector

Bypass total pressure PoE 41 Bypass channel,
0 BYP downstream

Bypass static pressure P 4 .f splitter
BYP support struts.

Oiiflt~e pressure drop b. POR 2 Flow measurement

Orifice upstream pressure P0OR t section in the

Orifice temperature T
OR exhauvit line.[
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The mechanical instrumentation added to the rig was limited to bearing
outer race temperatures, rotor tip rub indicators, and vibration pick-
aps. Speed was sensed at a location in the facility drive section. The
instrumentation and respective locations are given below,

TYPE QUANTITY LOCATION

Bearing temperatures 2 per bearing Outer race, Bearing No. 1,
2, 3, 4

Vibration 2 vertical and Externally mounted on the
¶ horizontal blower casirg Ju--' ails,

the splitter housing up-
E etream flange.

Rub indicators 2 per plane Impeller shroud, at the
leading and trailing edges;
staggered depth settings.

Figures 48 and 49 show, respectively, a composite of the major h.6'd-
ware elements, and the blower test rig at a partial assembly point.

A separate inlet module rig (3iigurea 50 and 51) provided a means of
measuring inlet losses and- sand separation efficiency by segregating
the bypass and maia flows. The pressure instrumentation in the by-
pass channel was also calibrated for flow rate. Each channol is
scavenged by a separate facility blower, thus allowing sim, ulation of any
total flow, or bypass ratio.

I
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Figure 48. Composite of the Test Rig and Blower Major Components.
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BYPASS FL1W TURNING VANE
CHANNEL ROTOR ASZENBLY

BEARING HIOUSING

ASSEMBLY

RIG MOUNTING.LT "•

EXNAUST

Figure 49. Test Rig Partial Assembly.
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BYPASS

- "BYPASS CHANNEL
EXHAUST FLOW

~ 4V-Inlet Module Tes Pipc -~

- ROTOR CHANNEL t&t, 1
EXHAUST FLOM

BEILMOUTH &~ 1kC7<:'~,O5

REMOVED

ROTOR ENR

SPIADNGEDG PLN PRESSURE
LEADIN EDGEINSTRUMENTS

Figure 51. Inet Modulle Test Rig.
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TEST RIG FACILITY INSTALLATION

The test facility that was used to evaluate the blower provides a

speed capability of 0 to 30, 000 rpm output from a steam turbine. The
drive turbine output speed is increased through a 3. 0:1 ratio gearbox,
giving an overall capability of 0 to 90, 000 rpm. The majority of the tests
wore conducted at 50, 000 to 51,000 rpm, depending upon the (:eln
ambient temperature. The blow% r test rig is shown installed in the
facility in Figure 52.

Pressures from the rig were read through use of a portable, 24-port
differential pressure scanner, with digital display of any manually
selected value. The iollowing control-room displays were used in
monitoring the aerodynamic and mechanical performance of the blower:

Pressures - Digital readout from differential pressure scanning
unit.

Temperatures - Honeywell-Brown recorder with individual display
of selected inputs.

Speed - Hewlett-Packard preset counter.
Merll pressure ratio - Differential pressure transducer, voltage/

frequency converter, preset counter

Rotor tip rubs - Alarm system, activated upon blade contact with
wire tip rub indicators.
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BYPASS AIRFLOW
PRESSURES

Figure 52. Scavenge Blower Test Rig Installation.
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TEST PLAN OUTLINE

The experimental program for evaluating the bypassing blower (System
DI) was aubdivided into a series of individual tests, with the following
objectives:

Test P1 - Inlet System Evsluation

a. Determine the total pressure loss of the blower inlet section.
b. Calibrate the bypass duct instruments against an airflow

standard.
c. Determine the extent to which blower flow char'acteristics are
c influeneced by inlet ice accumulation.

Test P2 - Sstem Efficiency Test

a. Determine the power input requirements over a range of
operating conditions, simulating engine idle through full
power.

b. Deterznhs the stable operating region by measurements of
headrise versus airflow at constant speeds.

Test P3 - Water Ingestion Test

a. Evaluate the effect of water ingestion upon the blower, under
both steady-state (design point) and start-up conditions.

b. The water flow rate is based upon ingesting liquid equivalent
to 3 percent of the engine airflow, assuming 75 percent water
separation efficiency through the particle separator.

Test P4 - Dur_ abfg Test

The durability test focuses on the prime objective of the entire program:

a. Demdustrate the ability of the blower to operate for a 50-hour
period in a sustained erosion environment using MIL-E-5007C
sand.

b. The actual test calls for periodic inspections, nomilnally at
10-hour intervals.

c. At the conclusion of this test, the minimum performance goals
are satidard day inlet conditions. :

d. At theib-lower desiga point -the sand feed rate would directly
sknulate scavenging 18-percent air fron a 5. 0 lb/sec. engine,
whose-particle separator is 95 percet efficieLt by weight. 1
Sand4to.air conentrition at the separator Wiilet is 1. 5 mg/ft3 .
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Test P5 - Ice Ingestion/FOD Test

The purpose ,f this test is to qualitatively assess the ability of the{ system to ingest typical aircraft engine hardware in sizes appro-
priate to this particular scavenge system design. 1

12 i

;2 . I



EXPERIMENTAL EVALUATION OF THE PRIMARY SYSTEM (TASK IV)

(BYPASSING BLOWER)

TEST PI - INLET SYSTEM EVALUATION - INLET LOSSES

In accordance with the primary system test plan outlined earlier,
test work on the scavenge blower was begun by evaluating the
pressure loss and airflow characteristics of the system inlet section,
using the inlet module as a test rig. (Refer to Figure 50.)

Total pressure losses in the bypass channel and the rotor (or core)
channel were each measured using Kiel probes 90 degrees apart, but
staggered radially at 20, 40, 60 and 80 percent of the channel heights.
In addition, the bypass channel contained four outer wall statics.

The procedure used was to set a value for rotor flow corresponding
to the maximum (or design) value, and then to vary the bypass airfaw
in increnents, thereby simulating a range of bypass ratios. The
resulting inlet systen losses are shown in Figures 53 and 54.

For the bypass channel, the pressure losses are 1 to 2-1/2 in.
H ?, depending on the bypass ratio. Earlier estimates (based on
a simple diffuser analogy, given the area ratio and length) at 25-
percent bypass were approximately 3 in. H{1O average loss.

The continually changing shape of the radial profile with bypass ratio
shows the tendency for a progressively increasing outer wall flow
separation as the bypass ratio is diminished. At 10 percent, the
near-flat profile with the free-stream total pressure equal to the wall
static shows the flow separation and recirculation. At the design

-- ass ratio (P a.25), the 1. 5 to 2 in. HýO loss is well within the
5 in. H.0 maximum allowed for in the design of the ejector.

In the rotor channel (Figure 53), losses were also very low, and
only in the extreme case of zero bypass ratio did the mean loss
approach any level of significance. For the scavenge blower inlet,
losses due to friction in the very short lengths in relation to the
channel hydraulic diameters would be negligibly small. Wake losses
are induced only in the four centerbody struts which are of . 060 inch
thickness. Also, the previous inlet potential flow analysis had
indicated that flow separations were not expected to be any problem
along the hub.

..-
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Along the rotor shroud, the )uter channel area reduction and a

relatively high bypass ratio provide favorable incidence to the

flow splitter. These aspects of the inlet design have minimized the

degree of over-acceleration about the splitter nose, which is

followed by rapid diffusion and flow separation.

In summary, the emphasis placed on loss minimization during the

inlet design appears to be well substantiated by the experimental
data obtained.

TEST Pl - INLET SYSTEM EVALUATION - BYPASS FLOW
CALIBRATION

The data required for calibration of the bypass chann^1 (airflow vs

P 0o- P ) was acquired simultaneously with the loss data using the

same test setup referred to previously. By using mean total pres-

sure (simple average), mean wall static pressure, inlet temperature,

and the actual airflow from an orifice measurement, the calibration

curve shown in Figure 55 was obtained.

TES~r Pi - INLET SYSTEM EVALUATION - FLOW VISUALIZATION

4, The performance of the blower inlet separator in terms of achieving
a prespecified minimum level of separation efficiency (7Z percent by

weight) with MIL-E-5007C type sand is fundamental to the durability

of the blower with respect to the 50-hour minimum goal.

By using sparklers as tracers, the results obtained are shown in
Figures 56 and 57. Results showed that the vast majority of the

particles carried directly into the bypass channel, or of those that

bounced, the impact point on the outer wall was downstream of the

splitter leading edge, indicating that these particles, as well, were
"bypassed".

Based on this simple test, the results were encouraging. The conical

fairing shown in Figure 56 had been temporarily added to the rig in

order to test for effects on pressure loss. No differences were

found, and the fairing was not used in any subseque,;t test work.

Finally, with the centerbody cone removed, -a 1000-gram sample of

sand was introduced into the rig inlet with the bypass ratio set at

approximately 20 percent.

Of the total sample introduced, 80 percent was recovered, indicating

fu:ther that the inlet separator performance was satisfactory in view

of the established goals.
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LEADING.EDGE

IMPACT POINT

OEUONSTRATION OF
PARTICLE OUTER-WALL ROTOR CHANNEL FLOW: .99 lb/sec
INPACT POINTS WITH BYPASS CHANNEL FLOW: .25 lb/sec
RESPECT TO SPUTTER BYPASS RATIO: 25%
LEADING EDGE

il~j SPARKLER
TRACES

Figure 56. Flow Visualization - Test P1.
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ROTOR- CHANE FLO: 99lbse

BYPASS CHANNEL FLOW: .25 lb/sec
BYPASS RATIO: 25%

DOWNfl3EAN 9F
SPLUTTER tEADING

Figure 57. Flow ViswAlization - Test P1 (Bellmouth Removed).
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TEST Pl INLET SYSTEM EVALUATION - ICING

To assess the effects of ice bu4,.ldup, upon the blower performance, the
inlet module rig was mounted at the downstream end of an icing tunnel
into which a variable supply of cold air could be introduced. A
spraybar, using one atomizing spray nozzle, was located in the
tunnel, approximately 10 feet upstream of the inlet rig.

As in previous tests with the inlet rig, separate facility blowers and
orifice sections were used to establish a desired rotor channel and to
bypas- the channel airflow. The conditions established were:

Total flow to blower = 1. 1 lb/sec
Inlet temperature +15a to +18 0 F

r Bypass ratio = 25 percent

"Under these conditions, the airflow was monitored at 5-minut,- inter-
vals once a water flow rate of 0. 75 gal/hr* had been introduced. A
plot of percentage losvt in total airflow against time is shown in
Figure 58.

At the test conclusion (45 minutes), the regions where ice had accmn-
ulated are shown in Figure 59.

Relative to the actual quantity of supercooled water that could
physically reach a scavenge blower in an actual engine installation,
this paxticular test would have to be considered as quite severe.

TEST P2 - SYSTEM EFFICIENCY - POWER REQUIREMENTS

Test P2 entails running a "clean inlet" baseline performance test
covering the range of possible operating speeds and back pressuresa
The primary parameters generated from this test at a given speed
include:

Total airflow pumped (WToT or WTT4)

Overall headrise (AP or pressure ratio)O•

Rotor drive power P

(HPROT. HP/6iI~
SLiquid Water Content = 2.0 gim/rn 3
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Throughout the test data, which is subseqiently presented, airflows have
been expressed in terms of referred flow, and headrise in terms of
pressure r.-tio. For reference purposes, Table 17 lists actual desi
point conditions versus the corresponding standard day corrected values.
In all cases, the "inlet" station is the blower inlet flange.

The test was run by selectmg fractions of design speed, from 50 percent
up through 100 percent NI/ ' ; at each constant speed, th(- back pressure
was varied in increments starting at the lowest attainable, and increasing
up to a point where an instability was in evidence. The resulting per-
formance map (WToTý70 6) versus (PoEx / P0 N) is shown in Figure 60.

From the map and Table 17 (desigr, parameters), the 100-percent speed
characteristic satisfies the required design point flow and pressure
ratio (1. 129 lb/sec at Pr = 1. 064).

The "stall boundary" is actually a point where a mild instability was
seen in various aerodynamic measurements which were rmonitored
during the test. The severity certainly could not be classified as any-
thing resembling a "surge", or even as an audible stall.

The location of the design point in relation to the stall boundary at first
appears very unusual, compared with a typicai compressor map; gen-
erally, that point would be located much nearer to the stall boundary.
However, the map represents the overall characteristica of a system
which includes an ejector.

If we refer again to Figure 60, then the reason for the design point
location becomes apparent. Overlayed on .ne ma-) are a series of
contours that represent calculated byp•as ratios; as back pressure is
increased along e. constant speed line, tie result is a rapid reduction
in bypass ratio.

Eventually, with suffict.nt back pressure, the bypass flow is reduced to
zero; from that point on, the blower operates "conventionally" although
very inefficiently overall, since the flow now "dumps" into the mixing
tube and diffuser.

With further throttling, some of the rotor flow actually recirculates
back through the bypass channel: and with that; outlet, it was never actually
possible to cause enough leading on the rotor as to obtain a distinct
rotating stall or a surge,

For purposes of thi3 design, since the "bypass" feature is fundamental,
the discussion of results will be limited to the "useful" operating reio.,
where some amount of bypass is presen., i. e., those points which lie
below the line 03 = i., in Figure 60.
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Another aspect of the performance in general that is indicated in Figure
60 is that at design speed total flow and total pressure ratio, the bypass
rate was approximately 20 percent.

Pcwrer input to the blower (Figure 61) was computed on the basis of
tot- 1 flow rate and overall temperature rise. (See Appendix A.) From
70% speed and higher, the vertically sloping lines of constant on
Figure 61 are close approximations to operating lines for a blower dis-
charging to a fixed downstream resistance. The 20-percent line, for
example, then represents the variation in power as a function of speed
along a typical operating line.

At 100-percent speed, the blower requires approximately 15. 6 horse-
power as determined from test data. The estimated power at 100-
percent speed during the design phase was 15. 57 horsepower. (Refer
to Table 11.)

If we use the independent measurement of bypass channel airflow to
compute the performance of the rotor/vane stage, there are no indica-
tions of problems in the primary channel, insofar as rotor airflow, rotor
pressure ratio t-fficiency, or nozzle Mach number is conerned. In fact, the cal-
culated stage efficiency at 100-1,Arcent speed. (02 = 20%) is considerably
higher than was assumed during the desigu phase. (Refer to Figure 62.)

In the bypass channel (Figure 63), losses are about consistent with the
inlet module tests but the bypass flow rate is lower than design. (At the
design total flow rate and pressure ratio, the bypass ratio is 20 percent
compared to the predicted 25 percent.)

An explanation for this is shown in Figure 64, where upon teardown,
the turning vane wakes showed a considerable deviation from the
axial flow direction, indicating that swirl was present at the mixing
tube inlet. The ejector performance is a function of axial velocity
and hence for a given rotor output, a somewhat less secondary flow is
induced.

In Table 18, a comparison is made between design and test for the
significant performance parameters.

We may sir.wnarize the Test P2 results by stating that overall flow
and headrise requirements were satisfied. The assumed rotor and
stage efficiencies proved to be very conservative, and higher per-
formance from the rotor resulted. The swirl problem produced some-
what less bypass flow; however, based on previous particle seoarator
experienc*, the difference in separation ef~iciency from 20-percent
scavenge to 25 percent scavenge is mall, and thus the impact
on durability should be minimal.
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Figure 63. Bypass Channel Flow Parameters - Test P2.
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AXIAL FLOW FLOW
DIRECTION DEVIATION

~. TURNING
~ VANE

~ ~ - ASSEMBLY

~YANE PROFILE
ýVIEWED
'RADIALLY

Figure 64. Indication of Swirl at thee Ejector Primary
Nozzle - Test P2.
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TABLE 18. TEST RESULTS VERSUS DESIGN - SYSTEM D1 BASELINE
PERFORMANCE

Parameters Design Test

Speed - (NIV/4)IN, rpm 50,000 50,000

Total Airflow - (Wo- . )lb, Ib /sac 1.129 1.13
WTOT IN

Pressure Ratio - oEX Po IN 2.064 1.064

Power - HP 15.57 15.6
ROT

Rotor Airflow - (WROT 4971 ) ,. lb/sec .904 .940

'pass Airflow - (WBB ITsN. lb/sec .225 .190
BYEBO I

Pressure Ratio - Po Po IN 1,175 1.215
OP 1

Pressure Ratio - P / P 1.190 ---Op o

Elypass Ratio - Z 25% 20'

Stage Efficiency - (7ad)sTG .497 .600

i = Rotor inlet plane

IN= Slower inlet Puane

P = Primary nozzle plane-

*This rcflects S in. H]O, margin on dsign inlet total pressure.

1
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TEST P3 - WATER INGESTION

The purpose of this test was to evaluate the effects of water ingestion
upon the operation of the blower under hoth transient and steady.state
conditions. To simulate operaticn of the blower in a rainstorm, the
water flow rate was based on a 5. O-lb/sec engine which ingests ,
liquid equivalent to 3 percent of the airflow; the engine particle
separator was assumed to have 75-percent water separation effiP'3acy.

Under the above conditions, 50 cc/sec would be drawn by the .
at design speed. The test was run as follows:

1. Approximately 100 cc was introduced into the inlet, with the
blower at zero rpm. The blower was then accelerated to 25, 000
rpm, simulating "start up" while ingesting this slug of water.

2. At 25, 000 rpm, water at the rate of 50 cc/sec was introduced
continuously for 2 minutes.

3. Continuing with the same flow rate of water, the blower was
accelerated up to 50, 000 rpm, and #as run for approximately 8

t minutes.

Throughout this test, there were no observable effects, either
mechanical or aerodynamic (for example, vibration level change)
.other than a very vigorous expulsion of the water from the system
exhaust.

TEST P4 - DURABILITY - OVERALL PERFORMANCE

The objective of this phase of the program wa, to quantitatively
measure the operational characteristics of the blower under an
erosion environment for 50 hours.

Sand-feed rate to the blower was determined by analogy to a
5. 0-lo/sec engine, whose particle separator admit-; a sand/air
concentration of 1. 5 mg/ft 3 with a separation efficiency of 95 percent
and a scavenge rate of 18 percent. Under these conditions, the
blower would extract (nominally) 400 grams of sand (MIL-E-5007C)
per hour.

Over the 50-hour duration of this test, inspections were actually
performed at the following intervals: 10, 16, 25, 35. 42 and 50 hours. I .. :
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The 16-hour check was promptea by a somewhat higher than normal
outer-race temperature on the No. Z bearing. This bearing was
replaced, as evidence of outer race rotation was present, and the
test was resumea. Probable cause was attributed to contamination
in the oil mist supply, and the problem was corrected by improving
the inlet filtration system.

Up to the 50-hour point. the basic test results can be summarized as
follows:

0 Excepting one instance (s-16 hours) when the No. 2 bearing ran
a higher outer race temperature (2150F versus 1900F), there
were no mechanical problems in operating the blower for
extended periods of time. Steady-state vibration was low,
generally under 0. 15 mil.

Overall performance did not diminish; in fact, a modest impro-
vement in total flow was seen up to about 35 hours

0 From periodic inspections. the wear patterns on the rotor were
apparent, even after 10 hours running. A Il erosion took place
on the pressure surface of the blade; it was most evident on the
leading edge and along the blade shroud.

Figures 65 and 66 show a comparison of the test rotor to a second,
unused rotor a3fter 10 hours and after 50 hours. The vane assembly
also showed some indication of wear after 50 hours (Figure 66);
the erosion occurred towards the outer shroud at the trailing edge,
and again, only on the pressure surface of the vane.

Examination of all other flow path cctnponents which contain struts
or splitters showed no signicant erosion.

At the 50-hour mark, the program objectives were clearly met, and
with ample margin remaining on overall performance.

The durability test was then extended for an indefinite number of
additional hours with the objective of reaching some definitive aero-
dynamic and/or mechanical limit. The performance limit, in any
event, was taken as the minimum given flow of 0.90 lb/sec at -20 in.
H.0, or 0.946 lb/sec at standardi day inlet conditions.

The next three benchmark inspections :.ere at 60, 75, and 85 hours.
At 85 hours the wear pattern on the rotor was most pronounced at
midspan and towards the shroud (;igure 67).
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TOTAL AIRFLCW (ACT) = 1.15 lb/sec
ROTOR SPEED = 50,000 rpmi
SAND INGESTION RATE =400 GM/HR
SAND TYPE: MIL-E-5OO1C

Figure 65. Effect of Sand Ingestion Upon the Rotor
Test P4 - 10 H{ours.
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TEST ROTOR:
OPERATING TIME 50 MR

TOTAL AIRFLOW (ACT) 1.15 lb/sec
ROTOR SPEED 500,000 rpm
SAND INGLES'ION RATE -400 Gb/HR
SAND TYPE: MIL-E-5007C

iNITIAL INDICATION OF
VANE PRESSURE

SURFACE EROSION

EJEC7OR PRMARY NbUlkE
LOOKING IJPS1AEAk

Figure 66. Effect of, Sand Ingestion Upon Rotor/Vanes-
Test P4 - 50 Hoursa.
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STEST ROTOR:
OPERATING TIME 85 HR

V14L~* , ~ -~?OR~

TOTAL AIRFLO~ (ACT) 1.15 lb, sec
ROTOR SPEED L..3.00 rpmn
SAND INGESTION RATE -400 PitHR
SAND TYPE: HIL-E-5007C

t7?

Figure 67. Effect of San~d Inge stion UponI RLotor

Test P4 a85 Hours.



The turning vanes show some erosion damage, particularly at the
trailing edge (Figure 68). Wear is such that the trailig edge is
beginning to curl over, from pressure side particle impacts. This
condition is worst at the outer ahroud and dininishes towards the
vane hub.

The testing was terminated after 118 hours due to a bearing failure.
Damage from this failure was confined to the rotor bearings and the
face seal only,

Photographs of the critical hardware at the 118-hour durability test
conclusion are shown in Figures 69 and 70.

In judging the mechanical integrity of these components, it should oe
emphasized (in the case of the vanes) that no provisions were made
for protection from erosion damage, since these were fabricated
from standard airfoil strip stock (10-percent maximum thickness)
which xere then coined to a desired camber. Also, the rotor had no
prutection (coatings) from the fraction of contaminant admitted by
the inlet separator. In view of the preceding, and considering the
50-hour minimum objective, the mechanical performance of these
components was very satisfactory, since a factor of Z. 4 times the
minimum required operation life was achieved with ease.

Figure 71 shows the measured flow and pressure ratio at each data
point in relation to the design speed map characteristic at the start
of the testing. The effecc of erosion vpon overall performance was as
follows:

* A rist. in the tot4 airflow up to about 35 houre.

* An ineese in presbure ratio up to 85 hours.

* A decrease in flov and pressure ratio beyond 85 ho'ir3.

At the test conclusiopa the total flow was 1.081 lb!sec. which is sti~l
well above the minLiumr requirement of 0. 946 lb/sec.

TEST P4 - DURA.BILI-TY - COtPONZNT FPRMFORMANCE

Performance n-f the iidji.vidual .WOwer corstpontnts in tirms of flow,
pressure ratio, P.Miciency , etc. °• Voug-h the dlurability tect indicated
a general impruvertent up to about 25 hours. (Refer to Figures 72
a;.d 73.)
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OUTER SHROJUD OF

TRAILING EDGE OF VANES
LOOKIN~G UPSTREAM

Figure 68. E~ffect of Sand Ingestion Upon the Turning
'Vanes - Test P4 - 85 Hours.
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TEST OTR:OPERATING Tl- 1 *'U .t -

TOTAL AIRFLOW (ACT) = .. 06 lb/sec
ROTOR SPEED = 50,000 rpm
SAND INGESTION RATE = 400 G1/HR
SAND TYPE: MIL-E-5007C

Figure 69. Cumulative Erosion Effect - Test P4 Con-
clusion - Rotor.
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OPERA71NG TIME:p 118 HR i •

VANE TRAILING EDgE
LOOKING UPSTREAM

tk
"• ~VANE

SPRESURE SURFACE

£ Figure 70. Cumulative Erosion Effect - Tets P4 Conclusion -
Vane s.
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1 .12 \
SAND TYPE: MIL-E-5007C

INGESTION KAME: 400 GM/HI

1.11__ DESIGN SPEED: 50000 RPM

0

W 1.10 BASELINE PERFORMANCE MAP
0/0 CHARACTERISTIC AT N//i-e 100%

C _ - _ 100 HR_ I
c 118 HR

W 85 HR

V 1.08

S\ q 50 HR

__1.07

DESIGN
POINT

~25 HR

< 1.06

105

MI N. 50 HOUR TIME - 0. HR
PERFORMANCE

1.04 GOALI II _ 1_1
.90 1.00 1.10 1.20

CORlRECTED TOTAL AIRFLOW - [WTOTV~'i-ib/e
L J IN -l/e

Figure 7.-. Effects of Sand Ingestion Upon the Blower
Operating Point - Test P4,
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SAN TYE I--07

INETO RAE:40__/H

tA -, 0

MN50 hr GOAL

ILTOTAL1.20

I~~ -tL' .946 lb/sec

No-ý =0.900 lb/sec @ POin.
=3 -20i.H0@50

.30--

U-
RTRAIRFLOW

>- g

01

POIN

C 0 _ _ _ _ h GA

*0 20 40 60 80 100 120 140jRUNNING TXME - HOURS

Figure 72. Durability Test Results ft Test P4 - Bypass
Ratio, Total flow, Bypass Flow, and Rotor -

Flow Versus Running Tirne. 1
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SAND TYPE: MIL-E-5007C
INGESTION RATE: 400 GM/HR
DESIGN SPEED: N//ie" = 50,000 RPM

PRIMARY NOZZLE

VELOCITY"P 700 - - i VELOCITYp

fps 
60

.600
MACH NO.

M .50 PRIMARY NOZZLE

MACH NUMBER

.80.I 5 STAGEý

EFFICIENCYEFFCIENCY

"nad

ToFICINCY.0

.401i

TEMPERATURE STAGE TOTAL

RATIO TEMPERATURE RATIO

PL

Top 1.10q =•==

PoIN

1.00

RUNNI TE STAGE TOTAL "
PRESSURE PRESSURE RATIORATIO 1.20Pop 1. 0 - - -- 14 i

POIN

1.00 20 40 60 80 100 120 140
RUNNI.NG TIME - HOURS,

Figure 73. Durability Test Results - Test P4 - Velocity,
Mach No., Efficiency, Tenperature Ratio,
Pand Pressure Ratio Versus R•u~ing Time.
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Rotor airflow is a typical example where the effect of erosion is such
that the minimum blade passage area is progressively increasing,
causing the rotor to move to a new operating characteristic, at higher
flow/higher work. From Figures 72 and 73 the trends in rotor flow,
pressure ratio, and efficiency all reach peaks near 35 hours, and then
begin to decline. (See Appendix A for computational procedure.)

The quantity of bypass flow induced by the primary stream (Figure
72) apparently does not increase, even though more energy is avail-
able from the rotor. One possibility is that the stator deviation
problem becomes more pronounced as the airflow is increased, and as
a consequence, the axial flow component is actually reduced, causing
the ejector to pump leas bypass air.

The problem is not a significant one, as the 20-percent rate of bypass
obviously was an adequate rate of scavenge. However, some mod-
ifications to the turniug vane design would permit the same amount
of bypass air to be induced, but at a somwhat lower rotor output,
thereby reducing the power requirements of the blower.

TEST P4 - DURABILITY - MECHANICAL EFFECTS

At the inspection intervals during the durability test, diamretral
measurements were taken on the rotor near the leading edge and
also on Zhe splitter housing. The purpose of these measurements was
to determine the nature of the wear rate as a function of time.

From these measurements, it was found that both the shroud (housing)
ID and the rotor inlet OD vary linearly as a function of running

time (Figure 74). Consequently, the radial tip clearance experienced
f a fairly linear rate of increase.*

The cold, static radial clearance near the impeller leading edge
varied from 0.007 inch at the start of the test to approximately
0.046 inch after 118 hours. The average rate of clearance increase
was 0. 3 mil per hour of operation under the conditions tested.

i. " NCTE:

(a) Splitter housing material - 321 stainless steel

(b) Rotor material - 17.4 PH stainless, RC 32-33
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The observed pattern of wear on the blade at the test conclusion is
shown in Figure 75. In the view shown, the erosion is fairly uniform
along the leading edge and the shruud, with slightly more wear towards
the ieading-edge hub.

In the cross section, all of the erosion is seen to take place on the blade
pressure surface, and the auxiliary view in Figure 75 is typical of
sections normal to the flow streamlines at most stations along the
blade.

The uniformity of the wear pattern on the rotor is consistent with the
relatively slow rate of performance degradation that was observed in
the test.

TEST P4 - DURABILITY - OPERATIONAL LIFE CRITERIA

In the preliminary design of this blower, the basic criterion assumed
(from related past experience) was that sand ingested by the rotor
should be limited to 5 pounds in association with a particular material
and rotor inlet blade speed. Translated into equivalent pounds of sand
for a steel rotor at 500 fps blade speed, that limit was determined to
be 11. 9 pounds of sand for a rrinimnum 50-hour operational life.
Further, for specified engine and particle separat. :haracteristics
(5.0 lb/sec, 18 percent scavenge, 95-percent effi., cy, 1. 5 mg/ft 3 -
concentration), 11.9 pounds of sand would b .- • 4ed in no less than
50 hours of operation if the blower inlet was a minimum of 72-percent
efficient.

We may now modify the above criterion by using the data which was
obtained in Test P4.

Assume that the rotor as shown in Figure 70 (P4 conclusion) is taken
to represent the maximum operational life of a scavenge blower
critical component, This assumption is conservative since the rotor
lost less than 5 percent in flow capacity over the daration of the test.
For that rotor,

SX = pounds of sand th rough rotor 20. 79 pounds

Bpt@ t = 118 hours.

By plotting operating time against blower inlet separation efficiency
for the above quantity of sand then the relationship shown in

Fi~gure 76 results.

1
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FIXED PARAMETERS;

X - WT. OF SiAND THRU ROTOR = 20.79 LB.

"n1 I.P.S. EFFICIENCY = 0.95

01 I.P.S. SCAV. RATE a 20%
WENG = ENG. AIRFLOW = 5.0 lb/sec

Co - I.P.S. SAND/AIR - 1.5 MG.I/FT 3

500
400 TIME REQ'D. FOR ROTOR TO _ __

INGEST 20.79 LB. SAND AS
300 A FUNCTION OF INLET
200 SEPARATION EFFICIENCY

200

=118 -- --

100*.1,COFGRTN
-- 'TESTEDS••" ICONFIGURATION

50 - 2--_
SIN.

c I LIFE

\CONVENTIONtI

DESIGNII
(n- - 0.)

.o.)
100" 20 40 60 80 100

INLET SEPARATION EFFICIENCY - n2

Figure 76. Blower Operational Life as a F'uction
of Inlet Efficiency Based on Test P4 Results.
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Clearly for a 50-hour objective, the amount of margin built into the

present design can be reduced. By reducing rotor airflow by
approximately 4 percent, and rotor pressure ratio also by 4 percent,
then the blower input power is 10 horsepower at 60-percent otage
efficiency. Bypass ratio becomes 15 percent, which is zýasily adequate
for the required inlet efficiency (i12) •- 0. 60 in Figure 75.

TEST P5 - ICE INGESTION/FOD TEST

In the final test of the blower evaluation program, a seriea of common
hardware items were introduced sequentially into the inlet. The
objects ;- -,ged in size from . 33-inch lengths of safety wire, up to
No, 8-32 bolts x 1/2-inch lengch.

Several pieces of ice, nominally 1/2-inch cubes, weee introduced a.s
well.

In order that some degree of randomness be present, the objects were
directed, unde:- shop air pressure, at the sloped section of a mitered
elbow blower inlet flange.

Al! objects passed through the blower and either were expelled from
the exhaust without incident or were trapped in the bypass caannel
at the reduced area section upstream cf tne ejector secondary nozzle.

NOTE: The rotor vsed in this tect was a ba'kup (unused) rotor;
inspection after the FOD test showed no ewv-•.nce wh.>tsoever of any
damage, indicating that a~l objects bypassed the rotor completely.
Operating point for the test was 50, 500 rpm at minimhnum system
back pressure.
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AERODYNAMIC DESIGN - SYSTEM Si (TASK II)

GENERAL

The alternate system (SI) is a second approach to tne development of
a durable scavenging means for an engine particle separator. From
the earlier concept studies, the selected configuration was a multiplo-
tube ejector assembly. The objective in evaluating this type of design
is to achieve high durability, utilizing the inherent additional aw'antages
of extreme simplicity, low cost, r,-iability, on/off capability, znd
good potential for a compact deaig.

For purposes of designing and testing this system, it will be assumed
that the conditions available to the primary nozzle are 188 psia at

'IZ.O-...

The r-ain disadvantage of the ejector approach is that the primary
air supply is relatively costly in terms of power penalty to the engine.

In the feasibility study phase of this program, data was presented
which related bleed to percent power loas (Figure 16)o On the basis
of this figure, an i.fluence coefficient of 3.Z:1 will be assumed when
relating percent bleed (or primary airflow) to power penalty.

The earlier studies also established that for a secondary flow of 0. 9
ib/sec, where che ejector (s) muot operate with an inlet total pressure
depression of -20 in. H1O, the primary airflow required will be
approximately 0. 1 lb/sec (2-percent bleed).

NUMBER OF EJECTOR TUIBE ELEMENTS

For a specified total quantity of primary airflow (-n this case = 0. 10
lb/sec) that will be required, the maxinum nmanber of individual
ej.r.tor tubes will be limited by the resulting throat area of the nozzle.
In general, the overall size of the individual ejector becomes smaller
as the size of the primary nozzle is reduced. A practical limitation
is reached when the throat size approaches . 050 to .060 inch; dia-

•ters smaller than this, for a converging/diverging nozzletwouli
'sent fabrication problems if conventional machining methods are

i ploved. Also, the nozzle becomes prone to blockage fron -on-
.n.na.tion or from oil film residue at the elevated temperatures pre-
sent,

To determine the number of tubes in the asoembly, the following de-
sign point parameters are assumed:

Primary nozzle pressure - Po0 p 188 psia

Primary nozzle temperature - TO P - 12500 R
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Tctal primary flow rate - pTOT 0. 1 lb/secpTT

Specific heat ratio at 1250 0 R -y 1. 3663

Blockage factor at the nozzle throat - T * = 0.97

p
By using standard compressib]'. flow relationships, the number of tubeo
as a function of throat diaznewr may be determined; the results
appear in Figure 77.

The 15-tube assemLly was selected as yielding the smallest practical
throat diameter (Dp* .0575 inch) consistent with the specified supp&y
conditions. P

Thermodynamic design of "-e ejector, discussed below, will be based
upon analysis of one elemeu.t of the 15-tube assembly.

EJECTOR THERMODYNAACC DESIGC!

The minimum performance requirements to be satisfied by the ejector
assembly are listed below:

Total flow scavtmgec- - W s 0.90 lb/eecs TOT-Zi.HO
Inlet pressure " PoIN = Pos -20 in. H.0

Inlet temperature - ToIN = TOS = 518. 7°R

Primary flow rate - W = 0. 1 lb/sec (20% bleed)p TOT

Primary pressure - P - 188 psia
oi=

Primrary temperature - T 1Z 50°R
op

On the basis of one element from the 15-tube assenbly:

Secondary flow - W = .06 lb/sec at -20 in. H20s

Primary flow (nominal) - W .0068 lb/aec at 188 psia -tP 12 50°R

iI
2S

I ,

166

.........



C-)

FIXED PARAMETERS:

.100 PRIM. NOZZLE PRESS. - 188 psia
PRIM. NOZZLE TEMP. - 1250 R
TOTAL PRIMARY FLOW - lb/sec

S.090

S.080

o •THROAT BLOCKAGE
S.070 FACTOR PER NOZZLE

rW

-J
N14 .060

.050 15-TUBE ASSEMBLY:
S• .050 -- THROAT DIA. = D*

. .0575 IN. I

2 4 6 8 lu 12 14 16 18 20

NUMBER OF EJECTOR TUBES - n

Figure 77. Primary Nozzle Throat Diameter as a
Function of the Number of Ejector Tubes.
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The computer program which was used to design the ejector is de-

scribed extensively in Reference 6. Basically, the program can be

used to predict the performance characteristics of axisymmetric,
single-nozzle jet pumps with variable area mixing tubes, where the
primary flow may be supersonic.

The ejector design p-.ogram was applied to numerous geometric con-
"figurations, with the intention of generating a compact unit that re-
quires ne minimum bleed air possible to achieve the stated performance
objectives. The prime variables that were studied in arriving at a
final design configuration were tC:e following:

0 Secondary-to-primary area ratio.

0 Shape of the mixing tube: for example, converging versus con-
stant diameter.

* Mixing tube length versus diffuser length.

* Diffuser area ratio.

The ejector shown in Figure 78 has an overall length of ten times the
mixing tube diameter, and cau operate against a static pressure
headrise of 50 in. HO. In Table 19, the design point thermodynamic
characteristics are Iisted. All areas are effective flow areas.
Blockage factors and conversion to geonetric flow paths are discussed
below.

FLOW-PATH SPECIFICATION

By the assignment of an estimated aerodynamic blockage factor to the
areas given in Table 19, the geometric flow path is determined.

A high blockage factor at the nozzle exit was assumed to provide for an
overexpanded primary flow. In effect, this provides some margin,
where nozzle exit area adjustments could be made in the case where
exit effective flow areas were greater than design.

Flow path dimensions for the mixing tube, diffuser, and primary nozzle
are shown in Figures 79 and 80.

6. Hickrnan, K., ANALYSIS AND TESTING OF HIGH-ENTRAINMENT
SINGLE-NOZZLE JET PUMPS WITH VARIABLE AREA MIXING
TUBES, NASA CR-2067, June 1972.

1
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VELOCITY SCALE:

PRIMARY NOZZLE f*i+- U 1000 FPS
EXIT PLANE

1.0 UCENT

2830 FPS

rj r --rv--r
cc RANSITION r.!- ZONE -I I ,

CENTER JET
[ ,REACHES OUTER

/WALL

A80LL 16m0 18.0 1 CENTER LINE

1" 2.0 4.!08.0 10.0 12".0 14.0 16.0 18.0 20.0
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U" l-o 7.0 - 0f , . "--

0 0
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S~~Figure 78. Design Point Static Pressure and Velocityr•

S Distributions (Syse~m Sl),
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TABLE 19. SCAVENGE EJECTOR D..SIGN POINT

Units of
Parameter SyMbol Measure

Primary Flow

Flow rate W .0068 lb/sec

Percent bleed loW 2%/0

Engine power loss 00A SHMSHP 6.4%

Total pressure P 188 psia

Total temperature Top 1250°R

Nozzlt throat area 2EF .002519 in. 2

Nozzle exit area AP EFF ,00678in.

Mach Dumber Mp 2.38

Secondary Flow

Flow rate W 0.06 lb/sec

Flow ratio Ws/Wp 8.82

Inlet pressure P IN -22"H 2 O=13.91 psia

Inlet temperature T IN 518.7 0 R

Secondary flow area A .3543 in.
5

Mach number MS 0.33

-Mixing Tube

Mixing tube area AM 3509in. 2

Area ratio AM/Ap 61.8

Length ratio LM/D 7.0

Diffuser

Area ratio AEX/AM 3. 0

Length ratio L D/D 3.0

Exit Area AEX 1.057

in.1I -• im i• , . .. .
~~0
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TEST RIG AN,. qTRUMENTATION

The mechanical design of one ejector element was integrated with the
design of the test rig. (A typical configu.ation for the full 15-tube
assembly is discussed in the following section.)

Figure 81 shows the rig that was de3igned along with the primary and
secondary performance instrumentation. All flow path elements, in
cluding the supply nozzle, were fabricated from 321 stainless steel.

The primary air flow path contains an orifice section (. 125-inch orifice/
•415-in. duct) followed by a high-pressure manifold to which the nozzle
is silver brazed.

In the secondary duct, an inlet throttle is provided to simulate the loss
across an engine particle separator. An orifice section (1-inch dia-
meter/2. 065-inch duct) is located approximately 25-pipe diamneters
downstream, allowing for flow stabilization after the valve.

Performance instrumentation was kept to a minimum, including only
flow measurements and primary and secondary nozzle inlet conditions.
From these measurements, the performance of the ejector was deter-
mined under representative suction duct conditions using primary supply
air 188 psia at 790 0 F.

The following measurements were taken:

Primary airflow AP - (1)

Upstream orifice ptessure - (1)

Orifice temperature - (1)

Inlet pressure - (1)

Inlet temperature - (1)

5 6econdary airflow AP - (W)

Upstream orifice pressure - (2)

Orifice cemperature - (1)

t Inlet pressure - (1)

Cell ambient pressure - (1)

Cell ambient temperature - (I)

j Photographs of the actual hardware prior to the start of testing appears
in Figure 82.
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MECHANICAL DESIGN - SYSTEM S1

A multiple-tube ejector assembly is shown in Figure 83. In this con-
figuration, a rectangular 5 x 3 array is used, and most conponents may
be fabricated from sheet metal.

The advantage of the multiple-tube design is that compact arrangements
of the elements may be made to suit a given engine installation. Ex-
amples of other configurations have been shown in the :easibility study
(Figure 19).
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TEST PLAN OUTLINE

The test series conducted on the critical element of a multiple-tube
ejector assembly (System Si) was similar in content to the evaluation
program for the primary system and. is oulined below:

Test Al - System Efficiency/Power Inrut

Evaluate the pumping capacity and power input requirements of
the ejector over a range of conditions corresponding to engine
operation from idle to maximum power.

Test AZ - Ice Accumulation Test

Determine the effect of ice buildup, as a result of supercooled
water carry-over from the engine separator, upon the scavenge
pump performance.

Test A3 - Water Ingestion

Measure the shift in design point stoad, tate pumping capacity,
under conditions where water is introduced into the secondary
flow duct.

Test A4 - Durability

Evaluate the effect of sustained operation in a erosive environ-
ment, equivalent to a military 50-hour sand ingestion test,
upon the mechanical and aerodynamic performance of the eject. r.

Test A5 - FOD Test

Qualitatively' assess the ability of the system to ingest typical
aircraft hardware in --- es appropriate to the particular
scavenge system design, and measure the susceptibility of
this system to damage from solid ice ingestion.

I
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EXPERIMENTAL EVALUATION OF THE ALT"PRNATE SYS rEM (TASK IV)

TEST Al - SYSTEM EFFICIENCY - POWER REQUIREMENTS

To determine the ejector power rzquirements, the first test conducted
was a clean inlet baseline performance evaluation over a wide range of
primary and secondary condtions.

These conditions wel-e as follow:

Primary Nozzle Primary Nozzle
Pressure (psia) Temperature (OR)

60 840

100 990

140 1105

188 12.50

For each conclitiea above, the test procedure was to measure the re-
sulting secondary flow rate, begirming with the minimum inlet system de-
pression. The su-tion du.ct pressure was then decreased in incLements
until the limits of the jet pump capacity were determined (i. e., the
value of secondary pressure at which the flow rate appro.rhes zer:;.

The results that were obtained are sbown in F'gure 84.

Secondary airflow is cor-ected t.) standar'd day test cell ambient cun-
ditions. For reference t, the design point, the flow rate (WSV%/6amn
is 0. 06 lb/se: for standard day ambient zonditions for an eje,-'o
st tion due:t pres';ure P equal Io -Z0 in. H2O.

oS
The test results on Figure 84 are self-explantory. Of main interest
is the data for maximum pri--nary supply pressure, i.e., 188 psia, which
shows thit the re ?uired scavenge airflow is pumped when the secc -dary
total pressure is apptoxihnately -1; in. Hz0. Tiese results a..e very
clcse. o design ,oals:

Design Test

Ai..low, 'W5Vý76)amb .06 lb/sc. .06 lb/sec

I, et Pressare,Pa N -P3  ,n. '1Z0 -19 In. H20

a he plane which is selected for airflow correctio*. is a matter of
choice. If, for example, tbc secondary nozzle inlet is chesev:. "ioe Iat deinpoint (We/).=° 06,3 l/%atZ. -20 in, ,.0.5,
Al. test data wou'dc then M scal_,d up by the rativ of Piamb 70 I•
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188 psia PRIMARY
1l500R NOZZLE
.007 lb/sec CONDITIONS

-5 5 ....

-5( E JCTOR FLOW RATEl
ID AS . FUNCTON OF

140 psia \ SECONDARY NOZZLE
• -45 1105OR -• TOTAL PRESSURE

.0061b/secz

S-40 -

-35 __

ur 100 psia
990-- , R DESIGN

S.0048 1b/secwj GOAL @
~4~I 188 psia

-J -25

840 R

o LINE OF CONSTFANT "%|
S-•0 -- RIMARY NOZZLE ?

S5ICON(DITIONS •.. 03I 1 b
0 .01 .02 .03 .04 .05 .06 .07

SECONDf ,' AIRFLOW - [Hj•-' -be

Figu~re 84. Alternate System Ear'eliie Performancet
Teat Rec'uits - Tes2 A.
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The power input requirement to the ejector is a function of we rate of
bleed eytracted from the engine. Figure 85 shows the measured primary
airflow (actual) as a function of supply pressure. At design conditions,
tha primary airflow is .0071 lb/aec, and on the basis of a 15-tabe
assembly:

[otal Bleod Flow 15 (.0071 b/sec) .1065 lb/secJ

"Percent Bleed = .1065/5.0 2. 1%

Power Penalty 3. 2 (2 l%)* 8%

From the data presented up to this point, the performance goals of the
scavenge ejector have been essenitially attained, frcmn the viewpoint of
the supply conditions require , the power penalty, and the system pump-
ing charactetistics.

TEST A2 - ICE ACCUMULATION

To determine the effects of ice accumulation upon the operation oi the
scavenge pumis, for circumstances where supercooled water is drawn
fron the particle separator, the ejector rig waa mounted so that the
inlet pumped cold air from an icing tunnel into which an atomized water
spray was introduced.

Conditions established for the test were as follow:

Primary Air 188 psia at 900°R

Inlet Temperature +21 0 F

Wtter Flow Rate 1.0 lb/hr

Liquid Water Content 3Z, 3 gm/m 3

Total flow through the system was computed as a function of running
time, using a combination kiel/temperature pro'?4 positioned at the
diffuser discharge plane. The resulting rate pumping capac.ty loss is
shown in Figure 86.

After 20 minutes of operation, approi:imately lZ-parcent loss in flow
had resulted. The initial ice buildup occurred near the aecondary
nozzle; accumulation apparently never reached appreciable amounts
since shedding occurred periodicall,, evidently due Lc sufficient heat
conduction from ths primary supply manifoil.

W1erirence Figure 16 for bleed/power inrluencc coefficient.
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TEST A3 - WATER INGESTION

The water ingestion test simulated operation of the scavenging system
under conditions where the separator ingests water in an amount equal
to 5%, by weight, that of the engine flow rate, all of which is assumed
to be carried into the scavenge pump. For one ejector element, the
maximum steady-state quantity is approximately 8cc/sec.

A residual "slug" of water in the suction duct presented no problem.
The water was immediately (and vigorously) e:rcelled from the system,
at the moment the primary air was introduced.

Two steady-state conditions were tested and the results were as follows:

Water Primary Secondary Airflow
Flow Conditions Airflow Los s

(1) 0. 188 psia @ .057 lb/sec -
8.8cc/sec 1250 0 R .046 lb/sec 19%

(2) 0. 140 psia @ .048 lb/sec -
8.8cc/sec 1120 0 R .040 lb/sec 17%

No adverse mechanical effects were noted from t1-a water impingement

on the primzn-y nozzle.

TEST A4 - DURABILITY

The quantity of sand (MIL-E-5007C) ';livered to the scavenging system
from a 5.0-lb/sec engine separator was determined in the blower test
program to be 400 gm/hr with a total test duration of 50 hours. At the
rate of 400 gm/hr, assuming an equal distribution to all ejector ele-
ments, only 26.7 gm/hr would be seen by one ejector.

t In view of this v- y low sand feed rate, the test was accelerated so as to
deliver the equivalent 50-hour quantity within an 8-hour period. There-
fore, the required accelerated rate of ingestion for one tube was:

:1 X -26.7 gm/hr 166 gm/hr

The rctual feed rate used was 170 nn/hro for an a-hour period.
I

[17ectorj x15 ejectors x 8 hr 44.9 lb sand (total).

_ _ _ _ _ _ _ _ _ _



For this test, the rig was modified to facilitate introduction
of sand into the suction duct along the ejector centerline. The
inlet throttle and flow orifice were removed; and to establish the
required inlet depression, a stationary throttle plate was installed
just upstream of the secondary nozzle. A calibrated feed hopper and
ejector were used to introduce the sand directly into the suction duct.

At tbe conclusion of the 8-hour test, the original setup was restored
in order to recheck performance, using the secondary flow orifice.

In view of the mechanical design of the ejector, the only components
expected to show wear of any significance would be the upstream
face of the primary nozzle manifold, and the converging secondary
nozzle. These components are shown before and after the test in
Figures 87 and 88.

Since the air velocities are quite low in the suction duct, the
erosion was very mint-nal, and amounted to a "frosting" of the
surfaces.

Performance of the ejector was unchanged when checked at the

conclusion of the test.

TEST A5 - ICE. INGESTION/FOD

The concluding test in the alternate system evaluation program was
to determine the susceptibility of this design to damage resulting
from the ingestion of common aircraft hardware in sizes appropriate
to the configuration.

With the ejector operating at design point, the following objects
were introducted:

1. Four pieces of ice, ncmninally 1/4 inch on a side up to
314 inch on a side.

Z. Safety wire, l/32-inch diameter, in lengths up to 1/2-
inch.

3. No. 6-40 bolt x 3/8 inch lergh

No. 6-40 nut

4. No. 10-32 bolt x 5/8 inch length
No. 10-32 nut

Objects sufficiently small were easily exp3lled by the ejector,
without any noticeaole effect.
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PRIMARY FLOW NOZZLE
PRIOR 10

DUJRABiLlII TEST

8 HOURS OPERATION AT
:10 GM HR SAND FEED RATE

SECONDARY AIRFLOW

Figure 87. Effect of Sand Ingebstion Upcn Primary Nozzle -Test A4.
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SECONDARY FLOW NOZZLE
PRIOR TO

DURABILITY TEST

8 HOURS OPERATION AT
110 GM/HP SAND FEED RATE
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The larger objects (No. 6, No. 10 bolts) became lodged at the

minimum area point, just upstream of the primary nozzle excit.

Up-on teardown inspection, there was no evidence of damage to any
component.

IS

A IMýA



CONCLUSIONS

PRIMARY SYSTEM

The innovative concept that was introduced in this prograrmi is a prac-
tical means oi achieving a d.,? able configuration for a particle separator
scavenge ,--p. The design concept is sufficiently flexible to permit a
wide rangc " nerational lifetimes.

Since the blower doeb incorporate an ejector, it will inherently draw
more power than a conventional design with the same flow and hendrise
specifications. This power increase is solely a function of the degree
of durability that is required for given applications.

In subsequent appl.ications of the blower design described in this report,
the following considerations are recommended;

1. The test data indicated some deficit in bypass airflow that
was likely due to residual swirl at the mixing plane. The
swirl can be eliminated by suitable modification to the
turning vane assembly, such as an increase in solidity
or by the selection of an alternate camberline shape.
By elimination of swirl, power input is reduced for the
namie amount of bypass flow that is pumped.

2. For a 50-hour objective, the amount of margin built into
the present design can be reduced. The labled "Design
Point" (Figure ' 1) can be moved closer to the rninfinum
goal point. This could be acccxnplished by simultaneously
recducing the rotor airflow ( = 4%), the 7. for pressure
ratio ( c 4%), and the bypass ratio (0 NEW!-, 1 5). With
these changes, power input could be reduced fronm 15.6
horsepower (present design' to 10.0 horsepower, at a 60..
percent stage efficiency level.

3. One general development change that can be incorporated
into this blower design is to use an available protective
coating which is applied by a diffusion pack process in
thicknesses of 0.7 to 1. 5 mils to a dtainless steel basematerial. Since both rotor and stators reached opera-

tional limits eimultaneoualy, the coating, if used, would
I have to be applied to both components.

With respect to erosion resistance the referenced coating erodes at
3 percent of the rate of stainless steel, under comparable conditions.

The protective coating could be uqed in various ways; for example, if
the coating was applied to the present design, an order of magnitudet i increase in lifetime would result. However, this is impractical if

£ viewed with resepect to the basic lifettno cf the gas turbine under a
t a - comparable environment.
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Instead, a 'hybrid" approach could be taken where, i. given a re-
quired design life, some of the protection that would be provided by
the inlet separator/bypass air is traded for improved erosicm resistance

r on the critical elements, In short, the combination of the "bypassing
blower" with a coated rotor results in a lower power input for a given
ope ational life.

ALTERNATE DESIGN

Application of the jet pump concept as a means of scavenging the gas

turbine engine particle separator offers significant advantages in
termns of extrexne simplicity, low cost, and durability ane on/off
capability. Available methods for analytical design have been dem-

onstrated in this program to be very accurate, aid virtually the
only changes in design procedure would involve assuming less aero-
dynamic blockage at the primary nozzle exit.

I
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APPENDIX A

COMPUTA "IONAL PROCEDURE FOR BLOWER
PERPORMANCE ANALYSIS

This Appendix presents a sample computational procedure for blower
performance analysis. The data values used in the sample calculation
correspond to the starting conditions for the durability test (Test P4).
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LIST OF SYMBOLS

A5 ; ASEC - secondary nozzle area, in.Z
Ap ;AuM - primary nozzle area, in.

AM;AMIX - mixing tube area, in. 2

AR - diffuser area ratio, in.Z

AEFF - effective flow area, in. Z (general)

AGEO - geometric flow area, in. 2 (general)

(CPa) - actual static pressure recovery = LP/(Po-P)

(CPi) - ideal static pressure recovery - (I - 1 )

CV - specific heat = 0, 24 Btu/fIbr OR

C1 - saidko-air concentration at the engine compressor inlet

C0  - sand-to-air concentration at the i. p. s. inlet = 4.29E-05
Ibsand

lbair

C? - sand-to-air concentration at the scavenge blower inlet

DH - hydraulic diameter (general), in.

DM - bydraulic diameter of the mixing tube, in.

F 1  - relative wear factor as a functicv of particle velocity

F 2  - relative wear factor as a function of material type

f - Fanning friction factor a 0.003

g - constant = 32. 1741 Ibm ft

lbf se2

Aho - ideal headrire = CpJTo (Pr Y - 1), ft-lbf/lbm

A to - actual headrise = CpJ (t•3o), ft-lbf/lbm U

Aho•"l- - headrise coefficient =C g3 A T•/ 2

HP - horsepower V
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j - constant = 778 ft-lbf/Btu

L - length, in. (general)

LM - mixing tuabe length, in.

L. W. C. - liquid water content, gm/m 3

M - Mach number =gT"

N - rotational speed, rpm

N - special speed parameter

Pr - pressure ratio(total to total)

Po - total pressure, psia

P - static pressure, psia

PSTD - constant = 14. 696 psia

AP- total pressure rise, in. H2O

hP- static pressure rise, in. HzO

q - dynamic head (Po -P), psi

Q - volume flowrate, cu ft/sec

-- constant = 53.3504 ft-lbf/lbrr, rIR

r, R - radius coordinate, in.

6r - channel height

RN - Reynold's number = x -7

SHP - shaft horsepower

STo- total temperatur•,i OR

T static tonperatur-, O1t

Tr - temperature ratic (ticl to total)

IU
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t - time ; thickness, in.

TSTD - constant = 59'F = 518.7 oR

U - blade speed, fps

U- mean blade speed, fps

u - particle relative velocity , ips

V;Vo - velocity, fps (general.)

V - mean velocity, fps

Vz - Axial velocity, fps

Vm - meridional velocity, fps

VW - relative velocity, fps

Vz/u - flow coefficient

W - airflow, lb/sec (general)

W - total airflow to scavenge pump, lb/sec
TOT

WROT - rotor channel airflow, lb/sec

WY- bypass channel airflow, lb/sec

X-X sand ingested by rotor, lbm

X - sand feed rate to scavenge punp, gm/hr

X - axial distance, in. (blading sections)

Y - radial distance, in. (blading sections)

z, Z - axial coordinate, in.

- flow ratio; blade angle, relative air angle

Sa- area ratio, ahsoiute dalir angle

- engine separator scavenge ratV -
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- blower bypass ratio

6 - pressure referral parameter = Po/Pstd

e - coefficient of restitution

y specific heat ratio = 1.400

•SEP -separation efficiency byweight (general) - Wt. bypassed
%E;P Wt.. into pump

I- separation efficiency of the engine separator

- separation efficiency of the blower inlet

- diffuser efficiency = (CPak/(GP-,

v - kinematic viscosity, ftZ/sec

P - density, lbm/ft 3

YP ; Ipoly - polytropic efficiency = y- 1 In Pr
Y ln TrY-1

SA D - adiabatic efficiency = P r ' -- -1
T r " -1

- vane camber angle; blade meanline polar coordinate

- temperature referral parameter = To/TSTD

T - blockage factor = A EFF/AGEO (general)

- ejector nozzle throat blockage factor

S• - absolute viscosity, lbf;sec/ft2

- micron, 10 -6 meter
# £

SUBSCRIPTS

amb - cell ambient

BYP - bypass measurement plane

D;DIFF - diffuser inlet

EX - blower exit plane
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i - rotor inlet plane

IN - blower inlet plane

M;MLX - mixing tube inlet

P;PRIM - primary nozzle

S;SEC - secondary nozzle

STG -. stage

W - relative
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